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ABSTRACT
CENTROMERE IDENTITY AND THE NATURE OF THE CENP-A-CONTAINING
NUCLEOSOME
Samantha J. Falk
Ben E. Black, Ph.D.
The centromere is an essential chromosomal locus that serves as the site of
kinetochore formation, ensuring accurate chromosome segregation during mitosis and
meiosis. While most centromeres form on repetitive DNA, the underlying DNA sequence
is neither necessary nor sufficient to support centromere function, suggesting that this
locus is epigenetically defined. The histone H3 variant centromere protein A (CENP-A)
replaces H3 in nucleosomes at the centromere and is the best candidate to provide this
epigenetic mark. This thesis aims to understand the features of the CENP-A nucleosome
that impart its ability to mark and stabilize functional centromeres. In the first part of the
thesis, our work provides an in-depth study on the structure of CENP-A-containing
nucleosomes and shows that CENP-A nucleosomes adopt an unconventional
conformation in solution that results in both an altered histone core and wrap of DNA.
Upon binding of the nonhistone protein CENP-C, the histone core and path of DNA
wrapping it revert back to a canonical shape, but DNA termini flexibility becomes
enhanced. These structural transitions imparted by CENP-C have important functional
consequences, as endogenous centromeres lacking CENP-C lose CENP-A and have
increased mitotic defects. In the second part of the thesis, I discuss the role that DNA
sequence plays in centromere function. While seemingly indispensable, both the quality
of DNA sequence and the quantity of DNA repeats are important for maintaining
centromeres, and I outline our work that aims to understand both of these phenomena.

iv

Taken together, these works greatly increase our understanding of the intrinsic and
extrinsic components of the CENP-A nucleosome and its role in centromere identity.
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CHAPTER 1: The Epigenetic Centromere

1.1 Introduction
All cells must undergo accurate cell division in order to maintain a stable genome.
This process is mediated by an essential locus on the chromosome known as the
centromere. The centromere serves as the site of kinetochore assembly, where
microtubules attach during mitosis and meiosis and separate paired chromosomes. While
centromeres are generally found on highly repetitive α-satellite DNA in humans
(Manuelidis and Wu, 1978; Willard, 1985), most eukaryotic centromeres are epigenetically
defined. The best candidate to provide this epigenetic mark is the histone H3 variant
CENP-A that assembles into nucleosomes at the centromere (Buchwitz et al., 1999;
Earnshaw and Migeon, 1985; Henikoff et al., 2000; Stoler et al., 1995; Takahashi et al.,
2000; Talbert et al., 2002).
The loss of a functioning centromere, without the formation of a de novo
centromere (neocentromere), is catastrophic for the integrity of the genome in dividing
cells and leads to chromosomal mis-segregation, generating aneuploidy (i.e. the gain or
loss of one or more chromosomes) (Cleveland et al., 2003). Aneuploidy is a hallmark of
cancer cells (Weaver and Cleveland, 2006), and aneuploidy generated during meiotic
divisions leads to the most common form of prenatal death as well as the most common
cause of mental retardation in humans (Hassold and Hunt, 2001). The aberrant gain of an
additional centromere on a chromosome leads to genomic instability via chromosomal
breakage during cell division (Runge et al., 1991). In sum, maintaining one (and only one)
centromere per chromosome is key for the fidelity of the genome.
In this chapter, I provide a brief historical overview of the centromere, and discuss
its progression from a genetic to an epigenetic locus. I then discuss the centromere on a
1

molecular level, describing both the proteins involved in centromere identity and the
processes required for establishment and maintenance. I tie this in with the historical
context I discuss early on – how the centromere helps us understand the basics of
inheritance and evolution. This motivates the two main focuses of my graduate work:
understanding the molecular basis of the centromere (Chapters 2 and 3) and the intrinsic
factors that govern inheritance and evolution (Chapter 4).

1.2 Centromeres: from genetic to epigenetic loci
The idea that all cells come from pre-existing cells is over 150 years old, yet we
are still learning new information about cell division to this day. Cell division, otherwise
known as mitosis, occurs when newly duplicated chromosomes equally segregate into two
daughter cells. Cell division was first described in 1882 by Walther Flemming, who coined
the term mitosis after the Greek word for “thread” (Fig. 1.1) (Flemming, 1882).
Approximately 20 years prior to Flemming’s observations on the intricacies of cell division,
Gregor Mendel was tending to his pea garden, which led to his now famous laws of
segregation and independent assortment. And only a few years earlier than Mendel’s
observations, Darwin published the seminal On the Origin of Species, the foundation of
evolutionary theory. It is unfortunate that these researchers never crossed paths, because
their scientific contributions ended up being more intimately linked than one might expect.
In order to drive evolution, cells must be able to accurately divide and pass on the proper
amount of genetic information. How is this accomplished? It wasn’t until the early 1900s,
when Sutton and Boveri independently postulated that chromosomes are the basis for
inheritance (Boveri, 1902; Sutton, 1902), that these ideas were unified. This tied together
Mendelian genetics with Flemming’s account of cell division, and provided a molecular
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basis for Darwin’s theory of evolution. And at the center of all of these chromosomes, both
literally and figuratively, is the centromere.
Flemming was also the first to observe centromeres in the late 1800s, describing
it as a visible primary constriction on the chromosome. Since then, the chromatin that
makes up chromosomes has been classified into two types – euchromatin; which
decondenses during interphase, and heterochromatin; which remains condensed
throughout the cell cycle. Heterochromatin is easily stained and visualized because its
compact nature allows for greater retention of dyes. Seeing as the centromere was first
described as a constriction, it is not surprising that centromeric chromatin is
heterochromatic. Since these early observations of morphological features, we now know
that centromeres are the site of kinetochore formation – a proteinaceous complex that
serves as the site of microtubule attachment during mitosis and meiosis, ensuring
accurate chromosomal segregation throughout the generations (Santaguida and
Musacchio, 2009). While it has been over 100 years since its discovery, we’ve only begun
to understand the complex nature of the centromere in the past 25-30 years.

Figure 1.1 Illustration of mitosis and chromosomes by Walther Flemming.
Reproduced from (Flemming, 1882).
3

1.2.1 Centromeres as a genetic locus
The first isolation of any centromere was in budding yeast (S. cerevisiae) ~35 years
ago (Clarke and Carbon, 1980). Louise Clarke and John Carbon exploited the genetic
tractability of budding yeast to charter the unknowns of centromere biology. They used
genetic linkage analysis and complementation studies to determine the genes that always
segregated with the centromere of chromosome III during meiosis. By isolating these
genes and radiolabeling the DNA, Clarke and Carbon were able to visualize and map the
region of the chromosome that contained the centromere. They then showed that plasmids
containing this DNA sequence were able to persist several cell divisions in nonselective
media, and plasmids that contain a centromeric sequence plus an essential gene required
for growth were able to survive selection (Clarke and Carbon, 1980). By conducting these
elegant experiments, Clarke and Carbon identified the first centromere, known as a point
centromere – so-called because it only contains one microtubule attachment. Further
experiments demonstrated that the centromere is defined by a 125 bp DNA sequence
made up of three components: centromere DNA element I, II, and III (CDEI, CDEII, and
CDEIII) (Bloom and Carbon, 1982; Fitzgerald-Hayes et al., 1982a; Panzeri and Philippsen,
1982; Saunders et al., 1988). In addition, there is only one stable CENP-A-containing
nucleosome at budding yeast centromeres (Furuyama and Biggins, 2007; Meluh et al.,
1998; Stoler et al., 1995) that is bounded by the highly conserved CDEI and CDEIII
sequences. The CDEII sequence is less conserved, but is highly AT-rich (FitzgeraldHayes et al., 1982b; Hieter et al., 1985).
The fact that the yeast centromere was shown to be defined by DNA sequence led
the field to believe that all eukaryotic centromeres were genetically defined. In the late
1970s, highly repetitive DNA was isolated and characterized from the human genome
(Manuelidis, 1978). Repetitive DNA found at human centromeres is referred to as α4

satellite DNA, and consists of a diverse set of tandemly arranged 171 bp monomers (Waye
and Willard, 1987; Willard and Waye, 1987). Many of these highly repetitive DNA
sequences contain the 17-bp motif known as a CENP-B box, the site of CENP-B binding
(Masumoto et al., 1989). Hybridization experiments demonstrated that these sequences
localize to centromeres on human chromosomes (Mitchell et al., 1985). The presence of
a defined DNA element at all human centromeres was reminiscent of the budding yeast
scenario, suggesting that human centromeres are also genetically defined.
1.2.2 Centromeres are epigenetically defined
It seemed like a settled fact that human centromeres were genetically defined by
repetitive satellite DNA. Neocentromeres – so-called because they have moved location
on the chromosome and no longer persist on α-satellite DNA – had been seen before,
mainly in the context of chromosomal rearrangements (Marshall et al., 2008). These
neocentromeres were devoid of α-satellite DNA but still capable of supporting centromere
function in mitosis (Barry et al., 1999; Choo, 1997; Depinet et al., 1997). Then in 2004,
researchers at the Royal Children’s Hospital in Australia noticed that the centromere had
moved location on one copy of chromosome 4 while performing standard karyotyping of
patients (Amor et al., 2004). It was no longer sitting on repetitive α-satellite DNA, but had
translocated to another part of the chromosome. And in this instance, no damage or
chromosomal breakage was evident – just the repositioning of the centromere. Even more
fascinating was the fact that this neocentromere was observed in multiple generations of
a family and thus meiotically stable (Amor et al., 2004).
The centromere that was present on α-satellite DNA had been silenced and moved
to a new location on the chromosome, suggesting that DNA sequence might not be
required for centromere identity after all. Tracking with the neocentromere were several
centromere-specific proteins that were no longer present at the α-satellite region (Amor et
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al., 2004). Further studies done in fruit flies demonstrated that the spreading of
centromeric proteins into noncentromeric regions can induce neocentromere formation
(Blower and Karpen, 2001; Maggert and Karpen, 2001; Sullivan et al., 2001). One of these
proteins, CENP-A, is believed to be the essential mark for the centromere. In addition to
tracking with this newly discovered neocentromere, overexpression of CENP-A in flies (D.
melanogaster) results in ectopic formation of centromeres at the site of chromosome
incorporation (Heun et al., 2006). Likewise, targeting CENP-A to noncentromeric regions
results in formation of a functional kinetochore in both flies and humans (Barnhart et al.,
2011; Mendiburo et al., 2011). In all cases, CENP-A is at the foundation of centromere
establishment and proper kinetochore formation, making it the prime candidate to
epigenetically mark centromeres.

1.3 CENP-A nucleosomes
Centromeres are typically housed within large (e.g. megabases in mammals)
repetitive DNA elements (Manuelidis and Wu, 1978; Willard, 1985), and define the site of
formation of mitotic kinetochores that mediate chromosomal attachment to the mitotic
microtubule-based spindle (Santaguida and Musacchio, 2009). At the foundation of
centromeric chromatin is the histone variant that replaces H3 in centromeric nucleosomes.
This variant is called centromeric protein A (CENP-A) in humans (Earnshaw and Migeon,
1985), Cse4 in budding yeast (Stoler et al., 1995), Cnp1 in fission yeast (Takahashi et al.,
2000), CID in fruit flies (Henikoff et al., 2000), HCP-3 in roundworms (Buchwitz et al.,
1999), and CenH3 in plants (Talbert et al., 2002).
1.3.1 Elements of the CENP-A protein
CENP-A was initially identified from autoimmune anti-centromere antibodies made
by

patients

with

calcinosis,

Raynaud's

phenomenon,

esophageal

dysmotility,
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sclerodactyly, and telangiectasia (CREST) syndrome (Earnshaw and Rothfield, 1985).
The CENP-A protein was originally isolated from the nuclei of calf thymus and bull sperm
(Palmer et al., 1991), and the tissues/cells of origin provided strong hints of its role in both
somatic and germline chromosomal inheritance. Indeed, deletion of CENP-A in diverse
organisms leads to severe defects in chromosome segregation and mitotic checkpoint
functions (Buchwitz et al., 1999; Chen et al., 2000; Howman et al., 2000; Lermontova et
al., 2011; Maehara et al., 2010; Oegema et al., 2001; Régnier et al., 2005; Sanyal and
Carbon, 2002; Stoler et al., 1995).
Once CENP-A was successfully cloned, it became apparent that it was a histonelike protein, and was shown to be a component of nucleosomes in centromeric chromatin
(Palmer et al., 1987; Vafa and Sullivan, 1997; Warburton et al., 1997). CENP-A and H3
share sequence homology within their histone fold domains (~60% in humans), but there
is no sequence identity at the N-terminus (Sullivan et al., 1994). Despite the N-terminal
sequence divergence found between CENP-A and H3, the information required to deposit
CENP-A at centromeres is in the histone fold domain, where loop 1 and the α2 helix
comprise the CENP-A Targeting Domain (CATD) (Black et al., 2004). Indeed, a chimeric
H3 protein that contains the 22 amino acid substitutions that generate the CATD (H3CATD)
targets to centromeres (Black et al., 2004, 2007a). H3CATD expression rescues the lethal
knockdown of endogenous CENP-A (Black et al., 2007a). The CATD also induces
conformational rigidity, as measured by hydrogen/deuterium exchange experiments that
measure the polypeptide backbone dynamics of the histones, in (CENP-A/H4)2
heterotetramers and CENP-A-containing nucleosomes relative to the conventional
counterparts containing histone H3 (Black et al., 2004, 2007b; Sekulic et al., 2010).
Other segments of the CENP-A protein can play a role in centromere identity. For
example; in frog egg extracts, the C-terminal four-to-six a.a. of CENP-A is sufficient, when
7

substituted onto conventional histone H3 in reconstituted nucleosome arrays, to recruit
functional kinetochores (Guse et al., 2011). This finding describes a system where preassembly of CENP-A nucleosomes bypasses the requirement for the CATD and indicates
a critical role for the unstructured C-terminal “tail” of CENP-A in kinetochore assembly
(Guse et al., 2011). Nonetheless, unique structural and dynamic features conferred by
CENP-A are vital for propagating centromere identity and have likely importance for
centromere/kinetochore assembly events in other cell types and/or eukaryotic species.
Post-translational modifications (PTMs) of histones are an area of extensive
research due to their role in gene expression, chromatin structure, and protein-DNA and
protein-protein interactions, among others. Histone H3 has a large number of PTMs that
play a variety of functional roles (Fischle et al., 2003), so the search for CENP-A PTMs
has been vital in understanding the role of CENP-A at the centromere. To date, less than
10 PTMs have been identified in CENP-A, compared to the large number already recorded
for H3. In budding yeast, the CATD of CENP-ACse4 was found to confer CENP-ACse4
ubiquitylation in order to ensure that excess CENP-ACse4 protein, if present, is rapidly
degraded (Ranjitkar et al., 2010). More recently, acetylation and ubiquitylation of human
CENP-A Lys124 has been suggested to play a role in cell-cycle dependent deposition (Bui
et al., 2012; Niikura et al., 2015). Trimethylation of Gly1 has also been reported, which
occurs after cleavage of the first methionine (Bailey et al., 2013). The remaining PTMs are
phosphorylation events on Ser7, Ser16, Ser18, and Ser68 (Bailey et al., 2013; Yu et al.,
2015; Zeitlin et al., 2001). Ser7 phosphorylation was the first identified CENP-A PTM, but
its purpose remains unknown (Zeitlin et al., 2001). Phosphorylation of Ser16 and Ser18
were identified using a mass spectrometry approach and play a role in maintaining proper
centromeric chromatin architecture (Bailey et al., 2013). Ser68 phosphorylation is a more
recent discovery, and is suggested to play a role in the spatiotemporal deposition of new
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CENP-A at the centromere (Yu et al., 2015). However, the role of some of these PTMs on
human CENP-A, including modifications to Lys124 and phosphorylation of Ser68 (Bui et
al., 2012; Niikura et al., 2015; Yu et al., 2015), are still poorly understood and require
further investigation to understand their importance in CENP-A regulation. The number of
newly discovered PTMs on CENP-A continues to increase, furthering our understanding
of the interplay between these modifications and centromere establishment and stability.
1.3.2 The structure of CENP-A-containing complexes
The first high-resolution structural information on CENP-A came from the human
sub-nucleosomal (CENP-A/H4)2 heterotetramer (Sekulic et al., 2010). The unique features
of (CENP-A/H4)2 relative to conventional complexes containing H3, revealed by crystal
structures and solution studies (small angle x-ray scattering), include an overall 10 Å
compaction due to rotation at the CENP-A/CENP-A interface, a bulge in the loop 1 of
CENP-A of the opposite charge as on H3, and hydrophobic interactions at the CENP-A/H4
interface that provide the structural basis for the conformational rigidity measured by
hydrogen/deuterium exchange (Black et al., 2004; Sekulic et al., 2010). All three of these
changes in CENP-A map to the CATD, and led to the proposal that CENP-A distinguishes
centromeres from the rest of the chromosome via structural deviation from within the
folded octameric (i.e. [CENP-A/H4/H2A/H2B]2) core of the nucleosome.
The first crystal structure of a CENP-A-containing nucleosome structure has been
reported more recently (Tachiwana et al., 2011). While 147 bp of DNA were used to wrap
the nucleosome, only the central 121 bp are visible in the structure (Tachiwana et al.,
2011). This is consistent with CENP-A-containing nucleosomes preferring an ‘open’
conformation with transient unwrapping of the final turn(s) of DNA at the superhelical
termini (Conde e Silva et al., 2007; Panchenko et al., 2011). The crystal structure
(Tachiwana et al., 2011) also confirmed the surface exposure of the bulged L1 (Sekulic et
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al., 2010), as well as nearly identical side-chain orientations at the CENP-A/H4 interface
that are proposed to be responsible for the conformational rigidity of CENP-A/H4
nucleosomes measured by hydrogen-deuterium exchange (Black et al., 2007b; Sekulic et
al., 2010). The rotation of the CENP-A/CENP-A interface could cause the H2B/H4 fourhelix bundle to rotate to avoid steric clashing and result in a nucleosome with an overall
altered shape relative to canonical nucleosomes (Sekulic et al., 2010). Alternatively, the
CENP-A/CENP-A interface could rotate upon nucleosome formation leading to an overall
structure that is highly similar to canonical nucleosomes. The latter scenario with a highly
similar overall shape to canonical nucleosomes is clearly what occurs in the reported
crystal structure of CENP-A-containing nucleosomes (Tachiwana et al., 2011). On the
other hand, the possibility of alternative conformations involving CENP-A/CENP-A rotation
in polynucleosome arrays, such as those found at centromeres, should be explored since
the C-terminal ~45 a.a. of H2A exhibit higher rates of hydrogen/deuterium exchange than
in arrays containing conventional nucleosomes, perhaps indicative of an altered overall
nucleosome shape (Panchenko et al., 2011). In addition, the crystal structure only
provides a static snapshot of the CENP-A nucleosome and may miss crucial properties
that are only present when multiple conformations are allowed to exist in equilibrium in
solution (Fig. 1.2) (Sekulic and Black, 2012). The work presented in Chapters 2 and 3
directly address the question of physical CENP-A nucleosome structure and what role this
plays in centromere stability.
While the CENP-A nucleosome is considered to consist of a histone octamer by
most of the field (Camahort et al., 2009; Hasson et al., 2013; Padeganeh et al., 2013;
Sekulic et al., 2010), reviewed in (Black and Cleveland, 2011), such an octamer is not the
only possibility for CENP-A-containing nucleosomes and there have been several
proposals for alternative arrangements involving different histone stoichiometry, non10

histone incorporation, and/or reverse handedness of DNA wrapping (Camahort et al.,
2009; Dalal et al., 2007; Foltz et al., 2006; Furuyama and Henikoff, 2009; Lavelle et al.,
2009; Mizuguchi et al., 2007; Sekulic et al., 2010; Shelby et al., 1997; Williams et al., 2009;
Xiao et al., 2011) that are discussed in detail elsewhere along with the proposal that
CENP-A-containing nucleosomes may mature during the cell cycle through intermediate
steps (Black and Cleveland, 2011).

Figure 1.2. Unique physical properties of the mammalian CENP-A-containing
nucleosome. Distinguished physical properties of CENP-A nucleosome are highlighted
in black circles. Clockwise from the top left, these include transient unwrapping/flexibility
of the final helical turn of DNA at each nucleosome terminus; hydrophobic stitches that
rigidfy the CENP-A/H4 interface; a bulged loop L1 that is of opposite charge as on H3 in
the conventional nucleosome; and the unstructured C-terminus that mediates recognition
of CENP-A nucleosomes by CENP-C. Reproduced from (Sekulic and Black, 2012).
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1.4 Characteristics of species-specific centromeres
While the presence of an array of CENP-A-containing nucleosomes is broadly
conserved in centromeres, the surrounding chromatin environment varies from one
species to the next. Centromere repeat sequences are common, but the sequences highly
diverge between species and the number of repeats is extremely variable even in a single
species (Henikoff et al., 2001). There is also enormous diversity between species in the
expanse of the chromosome covered by the centromere, deviating strongly from
prototypical ‘regional’ centromeres (e.g. centromeres found in fission yeast, fruit flies,
maize, mammals). Quite different from these regional centromeres are holocentromeres,
which occur all along the chromosome. The roundworm C. elegans is one of many
eukaryotic species that have holocentric chromosomes (Albertson and Thomson, 1982;
Herman et al., 1979), where centromeres form along the entire length of the chromosome
in a manner that is presumably discontinuous on the linear DNA sequence, but where
spindle microtubule attachments occur at only a small subset of centromeric sites (Maddox
et al., 2004).
The budding yeast centromere has been discussed in more detail in the previous
section (1.2.1). Closely related in evolution but not in centromere structure is the fission
yeast (S. pombe). Fission yeast centromeres were the first to be identified as “regional”
and contain a well-defined centromeric DNA component that spans 30 to 100 kb (Clarke
et al., 1986; Fishel et al., 1988), much larger than the 125 bp budding yeast centromere.
The DNA consists of an AT-rich central core flanked by identical inverted inner repeats
(Chikashige et al., 1989; Murakami et al., 1991). These are in turn flanked by inverted
outer repeats of various sizes. Cnp1 assembly occurs in the central core and is the site of
kinetochore formation, while a non-coding RNA pathway involving Dicer establishes and
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maintains pericentromeric chromatin that is essential for accurate chromosome
segregation (Volpe et al., 2003).
Most other eukaryotic species contain some form of repetitive DNA. Human
centromeres are characterized by repetitive α-satellite DNA, consisting of 171 bp AT-rich
monomers arranged in tandem that sometimes contains a CENP-B box, which is the
binding site for the protein CENP-B. Many subfamilies of α-satellite DNA exist on only
certain chromosomes, and α-satellite DNA can vary in sequence by 40%. While it is
currently unknown what role CENP-B binding plays in centromere stability, as CENP-B
knockout mice are viable, a recent study in humans suggests that CENP-B may play an
important role in stabilizing centromeres by regulating the amount of CENP-A and CENPC present at the centromere (Fachinetti et al., 2015). Flies contain AT-rich repetitive DNA,
with the smallest monomer repeat unit consisting of 5 bp (Sun et al., 1997, 2003). In both
species, H3 and CENP-A nucleosomes are found to be interspersed at centromeric
chromatin (Blower et al., 2002). Plant centromeres also contain repetitive satellite DNA,
but uniquely contain retrotransposon elements that may play a role in driving evolution of
plant centromeres (Cheng et al., 2002; Fukui et al., 2001; Miller et al., 1998; Zhong et al.,
2002). In addition, some plant centromeres contain genes that are actively transcribed
(Nagaki et al., 2004; Zhao et al., 2015) or use transcripts to establish pericentromeric
chromatin (Neumann et al., 2007), not unlike what is seen in fission yeast.
While we have learned much from studying popular animal model organisms such
as yeast and flies, we are beginning to learn more about centromeres from emerging
model organisms. Many mammals, including horses, donkeys, and orangutans (Huang et
al., 2015; Locke et al., 2011; Piras et al., 2009), have very evolutionarily new
neocentromeres that contain non-repetitive DNA, allowing for further study into the
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complex relationship among an epigenetically defined locus, the role of DNA, and
evolution.

1.5 Seeding centromeric chromatin
1.5.1 Centromere assembly and the cell cycle
Centromeric DNA is replicated during mid-to-late S phase in Drosophila and
human cells (Fig. 1.3) (Shelby et al., 1997, 2000; Sullivan and Karpen, 2001). Using
fluorescence pulse-chase labeling, it is clear that existing (i.e. ‘old’) CENP-A protein is
equally distributed on both daughter strands in the complete absence of any new CENPA deposition (Jansen et al., 2007), diluting the amount of CENP-A to half its initial density
on centromeric DNA following S phase. New CENP-A protein is synthesized after S phase
in G2 and deposited later during mitotic exit and following G1 in human cells and fruit fly
embryos (Hemmerich et al., 2008; Jansen et al., 2007; Schuh et al., 2007; Shelby et al.,
1997, 2000) by the chaperone HJURP (Dunleavy et al., 2009; Foltz et al., 2009) (see
section 1.5.3 for further discussion on HJURP). This cell cycle timing is distinct from the
H3 variants found in bulk chromatin, H3.1 (canonical H3), H3.2, and H3.3 (Brown et al.,
1985; Worcel et al., 1978; Wu et al., 1982; Wunsch and Lough, 1987). H3.1/H3.2 are both
synthesized and deposited into chromatin during S phase (Hake et al., 2006; Osley, 1991;
Worcel et al., 1978), and associate with CAF-1 (Mello et al., 2002; Natsume et al., 2007;
Tyler et al., 1999; Verreault et al., 1996), a chromatin assembly factor that associates with
PCNA (Shibahara and Stillman, 1999), the sliding DNA clamp used during DNA synthesis
(O’Donnell et al., 1992). H3.3, on the other hand, is synthesized (Wu et al., 1982) and
deposited (Ahmad and Henikoff, 2002) throughout the cell cycle with the aid of the histone
chaperones HIRA (Tagami et al., 2004) and DAXX (Drané et al., 2010; Goldberg et al.,
2010; Lewis et al., 2010). Recent work suggests that CENP-A mistargeting throughout the
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genome is dependent on DAXX (Lacoste et al., 2014). The uncoupling of CENP-A protein
synthesis/deposition from DNA synthesis (Hemmerich et al., 2008; Jansen et al., 2007;
Schuh et al., 2007; Shelby et al., 1997, 2000) gave an early indication that dedicated
mechanisms in the cell exist to duplicate the pool of CENP-A nucleosomes to refill the
available sites at every centromere and avoid dilution of the centromere specifying
chromatin mark through subsequent cell cycles.

Figure 1.3: Model of CENP-A-containing chromatin throughout the cell cycle in
animals. Centromeric CENP-A levels fluctuate with the cell cycle. Prior to S phase, CENPA is fully loaded at the centromere, but upon replication, the number of CENP-A molecules
present on each daughter strand are reduced to half per centromere due to the fact that
no new CENP-A is added. During G2, new CENP-A is synthesized and assembles in a
soluble prenucleosomal complex with its binding partner H4 and its chaperone HJURP,
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but is not loaded onto centromeres until G1. As a result, cells progress with half-loaded
centromeres through mitosis, until late anaphase/telophase when CENP-A is deposited
by HJURP to restore CENP-A levels. Reproduced from (Falk and Black, 2013).

When the replication fork passes through chromatin, CENP-A is very likely to be
ejected, at least temporarily, in order for DNA synthesis to occur. The mechanism for
CENP-A deposition back into chromatin is unknown, as is whether or not it requires an
unidentified S phase specific chaperone (Fig. 1.4). In either case, it is also unclear if
mammalian CENP-A-complexes are retained locally and rapidly deposited behind the
replication fork, a proposed model for retaining epigenetic information on H3/H4 at
chromosome arm loci (Radman-Livaja et al., 2011), or if it must be re-targeted back to
centromeres by a dedicated pathway. Photobleaching experiments on groups of
centromeres in the vicinity of PCNA-containing foci that were tracked for a few hours in S
phase found only very low levels of fluorescence recovery (Hemmerich et al., 2008), but
dynamics of CENP-A at individual centromeres of metazoans have not been measured
over the course of a cell cycle or complete phases therein. Condensin II is also reported
to play a role in maintaining pre-existing CENP-A at the centromere during interphase, but
it remains unclear whether or not this occurs specifically during S phase (Bernad et al.,
2011).
On the other hand, CENP-A deposition back into chromatin could be purely
mediated by a passive process independent of a specific chaperone, where a large
concentration of CENP-A-complexes near the replication fork drives their selective reassembly at adjacent chromatin via local diffusion (Fig. 1.4). Regardless of the mechanism
and the nature of the sub-nucleosomal histone complex (likely to contain CENP-A/H4
heterodimers or [CENP-A/H4]2 heterotetramers) liberated from centromeric DNA by the
replication machinery, the final product is strongly proposed to be two new daughter
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strands each with half the amount of CENP-A per unit length of centromeric DNA as on
the mother strand (Dunleavy et al., 2011; Jansen et al., 2007). In addition, it remains
unknown if CENP-A redistribution behind the replication fork is restricted to the same
centromere where the CENP-A molecule originated from, or if it can be redistributed to a
centromere on a nearby chromosome, thus “shuffling” the CENP-A mark. Understanding
the answer to this question could provide insight into which mechanism is more likely.
With only half the amount of CENP-A distributed to newly synthesized DNA, there
would in theory be gaps left in the DNA where no new nucleosomes are deposited. Recent
evidence using stretched chromatin fibers and labeled H3.3 indicate that H3.3 is deposited
in the gaps left by CENP-A dilution during S phase, but once cells enter G1 the amount of
H3.3 at the centromere is reduced (Dunleavy et al., 2011). Therefore, H3.3 may act as a
placeholder until deposition of new CENP-A occurs later in the cell cycle, but it is unclear
how H3.3 is evicted from centromeric chromatin once newly expressed CENP-A arrives.
1.5.2 Priming/licensing centromeric chromatin for CENP-A deposition
The first known step to achieve duplication of CENP-A-containing nucleosomes
during mitotic exit and the subsequent G1 phase of the cell cycle is a priming or licensing
step involving Mis18 (first identified in S. pombe and later in mammals, worms, and other
eukaryotes) and KNL-2 (Fujita et al., 2007; Hayashi et al., 2004; Maddox et al., 2007). The
S. pombe proteins Mis16 and Mis18 were initially found to function in localizing CENPACnp1 to centromeres (Hayashi et al., 2004). Mis16 is the orthologue of human RbAp46/48,
chromatin assembly proteins that bind to prenucleosomal histone H4 (Murzina et al., 2008;
Song et al., 2008; Verreault et al., 1998) when it is in complex with H3 (Smith and Stillman,
1991; Verreault et al., 1996) or CENP-A (Dunleavy et al., 2009; Furuyama et al., 2006).
Both S. pombe lacking Mis16 and HeLa cells lacking RbAp46/48 drastically reduce levels
of CENP-A at centromeres (Hayashi et al., 2004), in addition to presumed major bulk
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chromatin disruptions. In human cell lines, knockdown of Mis18 (a two subunit complex
containing hMis18α and hMis18β) prevented loading of newly synthesized CENP-A at the
centromere (Fujita et al., 2007). In C. elegans, an RNAi screen for proteins required to
localize CENP-A to the centromere identified KNL-2, a Myb-domain protein that localizes
to centromeres throughout mitosis (Maddox et al., 2007) that is the orthologue of human
M18BP1 (herein referred to as KNL-2M18BP1) (Fujita et al., 2007). While depletion of KNL2M18BP1 prevents CENP-A loading at centromeres in both worms and human cells (Fujita
et al., 2007; Maddox et al., 2007), the cell-cycle timing of the two orthologues differ. In
worms, KNL-2M18BP1 and CENP-A colocalize at centromeres throughout the cell cycle while
human KNL-2M18BP1 localizes to centromeres only during late anaphase/telophase and
early G1 (Fujita et al., 2007; Maddox et al., 2007). Further evidence suggests that CENPC recruits the KNL-2M18BP1 complex to centromeres as early as metaphase (Moree et al.,
2011). What exactly is the priming/licensing reaction? No members of the Mis18/KNL2M18BP1 complex have been reported to physically contact CENP-A itself, but their loss
indirectly affects CENP-A levels at the centromere. There is some evidence that the
complex may alter the state of histone acetylation at centromeres (Fujita et al., 2007;
Hayashi et al., 2004), but the most compelling model comes from a recent study
implicating cell-cycle dependent phosphorylation events from polo-like kinase1 (Plk1) and
cyclin-dependent kinase (CDK) (McKinley and Cheeseman, 2014). During S/G2/M, Mis18
complex assembly is prevented by phosphorylation of key sites on M18BP1, while during
G1, Plk1 phosphorylates Mis18α, Mis18β, and M18BP1 and promotes complex assembly,
ensuring that CENP-A is deposited at the proper time (McKinley and Cheeseman, 2014).
1.5.3 HJURPScm3: The CENP-A specific chaperone
CENP-A deposition occurs with its partner H4 and requires a histone chaperone,
similar to the H3 versions found elsewhere in the genome. Histone chaperones are
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proteins that assist in histone deposition into (and removal from) nucleosomes, while also
preventing unwanted and incorrect interactions with other proteins and regions of DNA
(Ellis, 2006). The first identified histone chaperone, nucleoplasmin, was purified from X.
laevis eggs and prevented precipitation of DNA and histones in solution (Laskey et al.,
1978). After this initial discovery, chaperones for several histone complexes were
discovered, including: CAF-1 for H3.1/H4 (Smith and Stillman, 1989), FACT for H2A/H2B
(Orphanides et al., 1998), HIRA for H3.3/H4 heterotetramers/heterodimers (Tagami et al.,
2004), and several others (reviewed in (Eitoku et al., 2008)). For CENP-A, multiple lines
of evidence suggest that Holliday Junction Recognition Protein (HJURP) is the CENP-Aspecific chaperone in many eukaryotes (Dunleavy et al., 2009; Foltz et al., 2009). HJURP
is enriched at centromeres at the end of telophase and early G1 (Dunleavy et al., 2009;
Foltz et al., 2009; Silva and Jansen, 2009), and its centromere targeting requires Mis18
(Barnhart et al., 2011). Depletion of HJURP leads to the loss of new CENP-A deposition
and defects in chromosome segregation (Bernad et al., 2011; Dunleavy et al., 2009; Foltz
et al., 2009). HJURP is the orthologue of the yeast Scm3 protein that is essential for
centromere function (herein referred to as HJURPScm3) (Camahort et al., 2007; Mizuguchi
et al., 2007; Stoler et al., 2007). The N-terminal 80 amino acids of HJURPScm3 are the only
region that shows any detectable homology to yeast HJURPScm3 (Sanchez-Pulido et al.,
2009) and is also the domain that interacts with CENP-A (Shuaib et al., 2010). Prior to the
proposal that yeast HJURPScm3 is a chaperone for CENP-ACse4 (Pidoux et al., 2009;
Williams et al., 2009), it was already known to physically associate with CENP-ACse4
(Mizuguchi et al., 2007) and provide a necessary step in CENP-ACse4 targeting to
centromeres (Camahort et al., 2007; Mizuguchi et al., 2007; Stoler et al., 2007). Further,
HJURPScm3 can chaperone assembly of (CENP-A/H4)2 tetrasomes (Shuaib et al., 2010)
and octameric (CENP-ACse4/H4/H2A/H2B)2 nucleosomes (Barnhart et al., 2011; Dechassa
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et al., 2011; Shivaraju et al., 2011) using purified components and conventional
nucleosome assembly approaches.

Figure 1.4. Model of dilution of CENP-A-containing nucleosomes during S phase in
animals. During replication, nucleosomes are presumably ejected from DNA as the
replication fork progresses. In the diagram, CENP-A nucleosome positions are indicated
as 1–3 to follow each site after replication and redeposition steps. CENP-A could be
redeposited through a passive process without the aid of a chaperone (CENP-A
nucleosome position 1) or it could interact with an unidentified chaperone that deposits it
back into DNA behind the moving fork (CENP-A nucleosome position 2). Because new
CENP-A is not synthesized until G2, only “old” reassembled CENP-A-containing
nucleosomes are deposited back into the DNA, leaving behind nucleosome assembly
sites filled by deposition of a canonical H3-containing nucleosome. Reproduced from (Falk
and Black, 2013).
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1.5.4 Maturation of newly deposited CENP-A complexes
One ‘maturation’ step for conventional nucleosomes involves one or more ATPdependent remodeling events that help complete nucleosome assembly and/or space
newly deposited histone complexes (Hargreaves and Crabtree, 2011). At the centromere,
the generic ATP-dependent remodeler, the RSF complex (LeRoy et al., 1998), has also
been proposed to perform such a function after initial CENP-A deposition in G1
(Perpelescu et al., 2009), but its exact role at the centromere remains unclear. One
possibility is that this chromatin remodeling event is when H2A/H2B heterodimers are
added. Further, immunoprecipitation of KNL-2M18BP1 in HeLa cells followed by mass
spectrometry identified MgcRacGAP, a GTPase activating protein (GAP) from the Rho
GTPase family, as a protein interactor with KNL-2M18BP1 that has been implicated even
later in G1 as an essential protein for stabilizing newly deposited CENP-A protein (Lagana
et al., 2010). Based on the interaction with KNL-2M18BP1, MgcRacGAP was thought to
function during the priming step, but depletion of MgcRacGAP did not alter M18BP1KNL-2
localization or CENP-A stability (Lagana et al., 2010) – implying a role in nascent CENPA nucleosome assembly/maturation downstream of priming. MgcRacGAP, along with
ECT2 (a guanine nucleotide exchange factor) and the GTPase Cdc42, were proposed to
create a GTPase cycle to maintain CENP-A at centromeres after it is deposited into DNA
(Lagana et al., 2010), but how this signaling culminates in CENP-A stabilization remains
mysterious.

1.6 Centromeres, chromosome segregation, and inheritance
1.6.1 Building a kinetochore
Without a functioning kinetochore, the site of microtubule attachment during
mitosis and meiosis, cells would be unable to accurately segregate their DNA. Once
21

centromeric chromatin has been established, it can successfully serve as the platform for
kinetochore assembly during mitosis (Fig. 1.5). Beyond individual nucleosomes, short
stretches of CENP-A-containing nucleosomes at each centromere are interspersed
linearly along the DNA with stretches of conventional nucleosomes containing canonical
H3, but all CENP-A nucleosomes in an individual centromere nonetheless coalesce in
three dimensions; a feature that is conserved in vertebrates, invertebrates, and plants
(Blower et al., 2002; Yan and Jiang, 2007). Indeed, several proposals for a regular
geometry of centromeric chromatin have been put forward (Blower et al., 2002; Ribeiro et
al., 2010; Santaguida and Musacchio, 2009; Zinkowski et al., 1991). Elsewhere in the
genome, long-distance chromosome associations are mediated by bridging proteins
bound at so-called locus control regions (Dekker et al., 2002; Drissen et al., 2004; Tolhuis
et al., 2002). At the centromere, some form of bridging seems likely to coalesce the CENPA-containing nucleosomes at each centromere. Potential candidates for this role come
from the CENP-A Nucleosome Associated Complex (CENP-ANAC), a subset of what is
collectively termed the Constitutive Centromere Associated Network (CCAN) of 16
proteins ((Foltz et al., 2006; Okada et al., 2006), reviewed in (Perpelescu and Fukagawa,
2011)).
While a broad understanding of what centromere functions each of the CCAN
components perform at the centromere remains incomplete, there has been some recent
progress. For instance, CCAN component CENP-C has been shown to bind to the Cterminal ‘tail’ of CENP-A (Carroll et al., 2010) and has also been shown to bind the Mis18
complex, which plays a role in accurate deposition of newly synthesized CENP-A.
Homologues of CENP-C have been identified in several other species (Brown, 1995;
Meluh and Koshland, 1995; Moore and Roth, 2001; Ogura et al., 2004), suggestive of its
importance in centromere function and cell division.
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Figure 1.5. Molecular architecture of kinetochores. Centromere chromatin including is
crucial for centromere specification and kinetochore assembly at natural centromeres. At
the base of the structure are CENP-A containing nucleosomes, centromere specific H3
nucleosomes, and a CENP-T-W-S-X nucleosome-like structure in centromere chromatin.
Centromere-specific chromatin structure is established by coordination of these
components. CCAN proteins assemble on the centromeric chromatin and the microtubulebinding complex is subsequently recruited to assemble the functional kinetochore.
Reproduced from (Fukagawa and Earnshaw, 2014).

CCAN components CENP-T and CENP-W form a close complex and are proposed
to interact with H3 nucleosomes interspersed with CENP-A nucleosomes (Foltz et al.,
2006; Hori et al., 2013; Obuse et al., 2004), perhaps leading to structural alterations that
facilitate microtubule assembly at the kinetochore prior to mitosis (Prendergast et al.,
2011). In addition, CENP-T undergoes tension-dependent changes throughout the cell
cycle, which could alter the shape of the inner kinetochore before or after microtubule
binding (Suzuki et al., 2011). Interestingly, a crystal structure (Nishino et al., 2012) of
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CENP-T and CENP-W in complex with CENP-S and CENP-X, termed the CENP-T-W-SX complex, demonstrated a similarity to histone-fold-containing complexes and was
shown to wrap DNA (Nishino et al., 2012; Takeuchi et al., 2014), suggesting a role for this
complex at the foundation of the centromere.
In addition to these components, CCAN component CENP-N has been shown to
form a complex with CENP-L, which binds directly to CENP-A-containing nucleosomes
via the CATD (Carroll et al., 2009; Guse et al., 2011; Logsdon et al., 2015; McKinley et
al.), and depletion of CENP-N decreases newly synthesized CENP-A deposition at the
centromere (Carroll et al., 2009). The CENP-H/I complex plays a role in new CENP-A
deposition (Okada 2006), and the CENP-H/I/K/M complex has recently been shown to be
recruited to the centromere via CENP-C, providing an important role in assembling and
stabilizing the inner layer of the kinetochore (Basilico et al., 2014).
While the inner kinetochore is made up of CCAN components, the outer
kinetochore is the site of microtubulue attachment and consists of the KMN (KNL-1, Mis12
complex, Ndc80 complex) network. Some of the CCAN components have been shown to
bind to these outer kinetochore proteins, acting as a bridge between the chromosome and
the kinetochore. CENP-C is proposed to bridge interactions between CENP-A
nucleosomes and the outer kinetochore NDC80 and Mis12 complexes (Ando et al., 2002;
Carroll et al., 2010; Guse et al., 2011; Hori et al., 2008; Obuse et al., 2004), while CENPT interacts with the Ndc80 complex (Basilico et al., 2014; Cheeseman et al., 2008;
Gascoigne et al., 2011; Suzuki et al., 2011), and the CENP-H/I/K complex binds directly
to KNL1 (Cheeseman et al., 2008).
1.6.2 Mendelian inheritance, meiotic drive, and evolution
While we now think of most centromeres as epigenetically defined entities, they
still play an essential role in the propagation of genetic material. Mendel and Darwin both
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reported aspects of heredity with their theories of inheritance and evolution, respectively,
but they did not offer any molecular basis for their observations. It wasn’t until Sutton and
Boveri, as mentioned in Section 1.2, postulated that chromosomes contain genetic
material and must be equally segregated, did this idea come to fruition. Boveri noted that
chromosomes carry the genetic information through the generations and that chromosome
number is reduced in the gametes by studying the roundworm A. megalocephala (Boveri,
1902). Around the same time, Sutton studied chromosomes in various stages of meiosis
in the testes of the grasshopper B. magna (Sutton, 1902). He was also able to observe
that the maternal and paternal chromosomes aligned randomly during metaphase in
meiosis, thus observing Mendel’s law of independent assortment (Sutton, 1903).
While the Boveri-Sutton chromosome theory provided the molecular basis for
inheritance, segregation and independent assortment, biology is always full of exceptions
to the rule. In 1957, Sandler and Novitski noted a violation of Mendel’s law of segregation,
when they observed distorted ratios of chromosome retention in meiotic products of D.
melanogaster (Sandler and Novitski, 1957). They termed this phenomenon meiotic drive,
which occurs when chromosomes exploit asymmetries during meiosis to selfishly ensure
their propagation. Because centromeres are responsible for chromosome segregation,
they must be involved to some extent in meiotic drive. Indeed, the co-evolution of
centromeric proteins and the DNA that houses centromeres is purported to play a role in
the unequal segregation of chromosomes during meiosis (Drinnenberg et al., 2014;
Fishman and Willis, 2005; Henikoff et al., 2001; Malik and Henikoff, 2001; Ross et al.,
2013). Thus, while a particular DNA sequence is not required for centromere formation, it
can play a role in the evolutionary drive of a species by co-evolving with centromere
proteins and ensuring that only the chromosomes that contain these modified sequences
and proteins are retained in the oocyte. This so-called centromere evolution can partially
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explain Darwin’s dilemma – his bafflement that the sudden explosion of animal fossils
during the early Cambrian period seemed to be at odds with the pace of natural selection.
With rapidly evolving centromeres driving speciation via meiotic drive, the appearance of
an overabundance of new species in a short period of time until evolution hits the breaks
doesn’t seem so confusing after all. Centromeres are by no means the only factors
involved in evolution and speciation; but without them, there would be no fossil record to
study in the first place.
The imbalanced nature of meiotic drive can lead to speciation and hybrid sterility,
thus driving the evolution of a species, while the passing down of genetic material through
the generations is essential for the survival of all species. Because the segregation of
chromosomes is the basis for these events, they would fail to occur without either a
functional centromere or a kinetochore running the show. Understanding the inner
workings of the centromere provides us with a better understanding of how cell division
works and what happens when it goes wrong. As we continue our pursuit of knowledge of
the molecular basis of the centromere, we are furthering our understanding of some of the
greatest scientific breakthroughs of the past 150 years.

1.7 Summary
Since the isolation of the first centromere 35 years ago, much has been discovered
about its structure, function, and role in mitosis and meiosis. However, many questions at
the centromere remain to be answered. The histone variant CENP-A is considered the
key epigenetic mark of the centromere, but a variety of proteins contribute to its assembly,
maintenance, and stability at the centromere. Understanding the precise nature of the
epigenetic mechanisms that specify centromere location are essential for our
understanding of centromere function. Chapters 2 and 3 focus on how one of these
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proteins, CENP-C, plays an essential role in centromere stability by modulating physical
properties of the CENP-A nucleosome. In Chapter 2, I also discuss the pressing question
of CENP-A redistribution after the replication fork passes through the centromere during
S-phase (Fig. 1.4).
It is now widely accepted that most eukaryotic centromeres are epigenetically
defined. However, the role that DNA sequence plays in centromere function should not be
ignored, as centromeric proteins and DNA sequences continue to co-evolve, and the fact
that centromeres from many different species tend to form on some kind of highly repetitive
DNA sequence. In Chapter 5, I discuss in detail the role of DNA sequence in nucleosome
stability and my work on extending this idea to centromeric DNA. I also discuss how
satellite DNA may play a role in meiotic drive, addressing the idea that centromere function
is intimately tied to inheritance and evolution. This chapter provides an outlook and
commentary on how studying the genetic side of the centromere can expand our
knowledge and understanding of cell division.
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Chapter 2: CENP-C reshapes and stabilizes CENP-A nucleosomes at the
centromere

2.1 Abstract
Inheritance of each chromosome depends upon its centromere. A histone H3
variant, CENP-A, is essential for epigenetically marking centromere location. We find that
CENP-A is quantitatively retained at the centromere upon which it is initially assembled.
CENP-C binds to CENP-A nucleosomes and is a prime candidate to stabilize centromeric
chromatin. Using purified components, we find that CENP-C reshapes the octameric
histone core of CENP-A nucleosomes, rigidifies both surface and internal nucleosome
structure, and modulates terminal DNA to match the loose wrap that is found on native
CENP-A nucleosomes at functional human centromeres. Thus, CENP-C affects
nucleosome shape and dynamics in a manner analogous to allosteric regulation of
enzymes. CENP-C depletion leads to rapid removal of CENP-A from centromeres,
indicating their collaboration in maintaining centromere identity.

2.2 Introduction
Centromeres direct chromosome inheritance at cell division, and nucleosomes
containing a histone H3 variant, CENP-A, are central to current models of an epigenetic
program for specifying centromere location (Black and Cleveland, 2011). The centromere
inheritance model in metazoans suggests that the high local concentration of pre-existing
CENP-A nucleosomes at the centromere guides the assembly of nascent CENP-A which
occurs once per cell cycle following mitotic exit. This model predicts that after initial
assembly into centromeric chromatin, CENP-A must be stably retained at that centromere;
otherwise centromere identity would be lost before the next opportunity for new loading in
the following cell cycle. Here, we use biochemical reconstitution to measure the shape
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and physical properties of CENP-A nucleosomes with and without its close binding
partner, CENP-C, and combine these studies with functional tests that reveal the
mechanisms underlying the high stability of centromeric chromatin.

2.3 Results
2.3.1 CENP-C locks CENP-A in rigid nucleosomes
CENP-C recognizes CENP-A nucleosomes via a region termed its central domain
(a.a. 426-537; CENP-CCD) (Carroll et al., 2010; Kato et al., 2013). We first considered how
CENP-CCD may affect the overall shape of the CENP-A-containing nucleosome using an
intranucleosomal fluorescence resonance energy transfer (FRET)-based approach. We
designed and executed an experiment to measure FRET efficiency, ΦFRET, between two
fluorophores on defined positions on the H2B subunits of CENP-A nucleosomes in the
absence or presence of CENP-CCD (Fig. 2.1 and 2.2). We then used these measurements
to calculate intranucleosomal distances (Fig 2.3). The H2B distances for CENP-A
nucleosomes in the absence of CENP-CCD are ~5 Å further apart than expected from their
crystal structure (PDB ID 3AN2) (Tachiwana et al., 2011), indicating that CENP-Acontaining nucleosomes in solution prefer a histone octamer configuration not captured in
the crystal structure. It is likely that CENP-A nucleosomes sample both conformations in
solution, with crystal contacts stabilizing the form that was reported (Tachiwana et al.,
2011). In contrast to CENP-A nucleosomes, conventional nucleosomes have smaller H2B
distances in solution (Fig. 2.3) that are consistent with their crystal structure (Luger et al.,
1997). Separation of H2A/H2B dimers from each other is consistent with a nucleosome
model based on rotation of the CENP-A/CENP-A’ interface in (CENP-A/H4)2
heterotetramers (Sekulic et al., 2010). Upon binding of CENP-CCD, with the known
stoichiometry of two CENP-CCD molecules per nucleosome (Kato et al., 2013), the
29

H2A/H2B distances shorten to ones that are nearly identical to conventional nucleosomes
(Fig. 2.3). The differences we observed between H3 nucleosomes, CENP-A nucleosomes,
and CENP-A nucleosomes in a complex with CENP-CCD are found using either the human
α-satellite DNA sequence that corresponds to the most heavily occupied site at
centromeres (Hasson et al., 2013) or the completely synthetic ‘601’ nucleosome
positioning sequence (Lowary and Widom, 1998) (Fig. 2.3). We confirmed that our method
of calculating ΦFRET was appropriate by ensuring that the fluorophores were freely rotating
in solution (Table 2.1), and we used lifetime measurements as an additional means to
support our ΦFRET data (Table 2.2)

Figure 2.1 (Caption next page)
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Figure 2.1. Simplified schematic for assembly, measurement and calculation of
FRET efficiency and distance between fluorophores. For a detailed description of
experimental methods and calculations, see Supplemental Methods. Definition of terms:
D – donor, A – acceptor, R0 – Förster distance, J – spectral overlap integral, κ – dipole
orientation factor, ΦDD – quantum yield of D-only nucleosomes, n – refractive index, ΦDA –
quantum yield of DA nucleosomes, ΦT – total quantum yield of all D-containing
nucleosomes, a – correction factor for D-only nucleosomes, b – correction factor for DA
nucleosomes, ΦFRET – FRET efficiency, r – calculated distance between D and A.
2

The shape change that we measure within the nucleosome upon CENP-CCD
binding most likely occurs through rotation at the four-helix bundles between histone dimer
pairs within the octameric core with inter-histone contacts being stabilized or destabilized
depending on the preference for rotational state. We tested this prediction using
hydrogen/deuterium exchange-mass spectrometry (HXMS). Strong protection of CENP-A
nucleosomes (Fig. 2.4A) is conferred by CENP-CCD binding on peptides spanning helices
that are predicted (Kato et al., 2013) to contact it (i.e. the α3 helix and C-terminal residues
of CENP-A, the α2 helices of both H4 and H2A, and regions of H2A encompassing its
acidic patch residues). In addition to the surface changes induced by CENP-CCD, there
are internal changes to the nucleosome that we measure by HX (Fig. 2.4A,B) that are
consistent with the change in nucleosome shape that we observed by FRET (Fig. 2.3).
The separation of H2A/H2B dimers in CENP-A nucleosomes lacking CENP-CCD (Fig. 2.3)
is predicted to weaken an internal, intermolecular β-sheet that serves as the physical
connection between the H2A subunit on one face of the nucleosome and the H4 subunit
on the opposite face. When CENP-CCD binds to the CENP-A nucleosome, peptides
spanning the corresponding β-sheet residues of both H2A and H4 exhibit extra protection
from HX by 1-2 deuterons, where the same level of HX takes 5-10 times as long to occur
than in CENP-A nucleosomes lacking CENP-CCD (Fig. 2.4).
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Anisotropy
Coumarin 343 Rhodamine B
H3 nucleosomes
0.087 ± 0.004
0.107 ± 0.008
CENP-A nucleosomes
0.102 ± 0.004
0.117 ± 0.009
CENP-A nucleosomes + CENP-CCD 0.148 ± 0.002
0.128 ± 0.007
Table 2.1. Anisotropy measurements for nucleosomes labeled with C343 and RhB.
Anisotropy values were measured for both C343 and RhB fluorophores attached to
histone H2B in the indicated C343-RhB-containing nucleosomes. Note that all values are
below 0.2, indicating that the fluorophores are freely rotating in solution. Thus, using κ2 =
2/3 as an estimate in calculating R0 is a valid assumption.

Lifetime (ns)
H3 nucleosomes
2.02 ± 0.11
CENP-A nucleosomes
2.36 ± 0.13
CENP-A nucleosomes + CENP-CCD 2.00 ± 0.06
Table 2.2. Lifetime measurements of nucleosomes labeled with C343 and RhB.
Reported lifetimes of C343 for the indicated C343-RhB-containing nucleosomes. Lifetimes
were calculated by fitting raw data to two-exponential fits because FRET samples contain
both C343-RhB and C343-only nucleosomes. The first exponential term is fixed to have a
lifetime of 4.22 ns, which is representative of the measured lifetime of C343 in C343-only
nucleosome for all three nucleosome types. The other fitted exponential term determines
the measured lifetime of C343 in C343-RhB nucleosomes. The lifetime of C343 (the donor
fluorophore) decreases in the presence of RhB (the acceptor fluorophore) and this
decrease in lifetime is proportional to FRET efficiency. Note that CENP-A nucleosomes
have the longest measured lifetime, indicative of the lowest FRET efficiency of all three
samples. This is consistent with the direction and magnitude of the distance changes that
we calculated from the steady-state efficiency measurements.
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Figure 2.2. Assembly of fluorophore-labeled nucleosomes and FRET
measurements. (A) Mass spectrometry of H2B labeled with C343 (top row) or RhB
(bottom row). Left and middle panels, MS1 spectra for a representative peptide (108-126,
z = +3) that contains the mutant cysteine labeled with fluorophore. Both unlabeled and
labeled peptides were identified from the same run, but the labeled peptide is present at
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a much higher signal, indicative of a high degree of labeling. Right, MS2 spectra of the
labeled peptides from the middle panel. The lines between the amino acids indicate
observed b ions (N-terminal) and y ions (C-terminal). The y ions highlighted in red contain
the fluorophore of interest and were used to identify the MS1 spectra with high confidence.
(B) Comparison of unlabeled, C343-, and RhB-labeled H2A/H2B dimers resolved by SDSPAGE gel visualized with coomassie blue stain. Note that unlabeled H2A and H2B have
the same mobility and appear as a single band. (C) Schematic for assembly of
nucleosomes for FRET, followed by binding of CENP-CCD to CENP-A-containing
nucleosomes. (D) H3-containing nucleosomes, CENP-A containing nucleosomes, and
CENP-A containing nucleosomes bound by CENP-CCD were resolved by native PAGE
and stained with ethidium bromide to visualize DNA content (top panel) and coomassie
blue to visualize protein content (middle panel). Coomassie blue-stained bands were
subsequently excised from the native gel and analyzed by SDS-PAGE to resolve the
individual protein components (bottom panel). (E) Representative emission spectra
demonstrating donor quenching in the presence of an acceptor for the indicated
nucleosomes. Note that the C343 emission peak (λmax = 491 nm, arrowhead) decreases
in the presence of an acceptor and a RhB emission peak (λmax = 567 nm) appears for all
three nucleosome types whether H2B S123C (left) or H2B K120C (right) is used for
fluorophore attachment, indicative of donor quenching due to FRET. For both labeling
sites, CENP-A-containing nucleosomes have the least amount of reduction in C343
emission, indicating lower FRET efficiency compared to H3-containing nucleosomes and
CENP-A-containing nucleosomes bound by CENP-CCD. Each emission spectra is first
normalized to the measured absorbance value of C343 in the specific nucleosome FRET
sample, followed by normalization to the donor-only control spectra to show relative
differences in donor quenching.

Figure 2.3. CENP-A nucleosomes have a conventional shape only upon CENP-CCD
binding. Calculated FRET efficiencies (ΦFRET) and distances between donor and acceptor
fluorophores on H2B S123C for the indicated nucleosomes on either α-satellite or Widom
601 DNA. Data are shown as the mean ± s.e.m of three independent nucleosome
reconstitutions.
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2.3.2 CENP-C alters nucleosome terminal DNA
Because CENP-C might also affect the extent that DNA wraps the nucleosomes,
we reconstituted CENP-A nucleosomes using a 195 bp DNA sequence from α-satellite
DNA (Harp et al., 1996) that contains a contiguous sequence spanning the major binding
site it occupies on human centromeres (Hasson et al., 2013) (Fig. 2.5A). We first overdigested CENP-A nucleosomes and found very strong protection of 100 bp. Using a
subsequent restriction digest of the 100 bp digestion product, we found that they were
uniquely positioned with their dyad precisely where the same sized fragment previously
mapped with native centromeric particles (Hasson et al., 2013). CENP-A-containing
nucleosomes have many discrete intermediate digestion products before the strongly
protected 100 bp fragment is generated (Fig. 2.5A,B). When CENP-CCD is bound,
digestion products larger than a nucleosome core particle (e.g. >145 bp where DNA
strands could cross at ~165 bp for conventional nucleosomes (Kornberg, 1977)) are
missing at early timepoints (Fig. 2.5B). This suggests that when CENP-CCD binds to the
nucleosome the DNA above the dyad rarely crosses, as it would normally cross for
conventional nucleosomes. Second, digestion to the 100 bp final fragment proceeds more
quickly (Fig. 2.5B). Thus, transient unwrapping of two helical turns (i.e. ~20 bp) from each
terminus of the nucleosome is enhanced when CENP-CCD is bound.
To determine if CENP-CCD binding leads to a steady-state structural change of
nucleosomal DNA, we used small-angle neutron scattering (SANS) with contrast variation.
When CENP-CCD binds to CENP-A nucleosome core particles, the distance distribution
profiles reflecting the shape in solution substantially redistribute for both the protein- and
DNA-dominated measurements (Fig. 2.5C). The increase in larger interatomic vectors for
the protein component is expected to accompany an additional component (CENP-CCD).
The pronounced redistribution of vectors to both smaller and larger distances in DNA
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dominated scattering when CENP-CCD is bound is attributed to compaction of the
nucleosome core (smaller vectors), and opening of the nucleosome terminal DNA when
CENP-CCD is bound (larger vectors).

Figure 2.4. CENP-CCD rigidifies CENP-A nucleosomes. (A) HXMS of all histone
subunits of the CENP-A nucleosome from a single time point (104 s). Each horizontal bar
represents an individual peptide, and peptides are placed beneath schematics of
secondary structural elements. (B) Regions showing substantial protection from HX
mapped onto the structure of the CENP-A nucleosome (PDB 3AN2). (C and D)
Comparison of representative peptides spanning the β-sheet region in histone H4 and
histone H2A over the time course. The maximum number of deuterons possible to
measure by HXMS for each peptide is shown by the dotted line. (E) The internal H4/H2A
interface mapped onto the canonical nucleosome crystal structure (PDB 1KX5).
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Figure 2.5. Alterations in the nucleosome terminal DNA upon CENP-CCD binding. (A)
Major MNase-digested DNA fragments observed for CENP-A nucleosomes assembled on
its native centromere sequence. (B) MNase digestion profiles of CENP-A nucleosomes in
the absence (red) and presence (black) of CENP-CCD. The black arrow (0.5 min) points to
the 165 bp peak (DNA crossed at the dyad). The asterisk (4 min) denotes the final 100 bp
peak. (C) Scheme of SANS contrast variation experiment together with paired distance
distribution curves for CENP-A nucleosomes alone (red) and bound by CENP-CCD (black)
in the indicated SANS contrast variation conditions.

2.3.3 Centromere autonomous retention of CENP-A
The centromeric pool of CENP-A and its partner, histone H4, are not degraded in
human cells over long timeframes (Bodor et al., 2013; Jansen et al., 2007) independently
of nascent CENP-A chromatin assembly (Bodor et al., 2013). These findings were based
on pulse labeling using the SNAP-tag and monitoring the entire population at all
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centromeres (Bodor et al., 2013; Jansen et al., 2007), but monitoring the fate at individual
centromeres over long timeframes has not been reported. Does CENP-A exchange
between centromeres during the cell cycle, or does it essentially never vacate the
particular centromere upon which it was initially assembled? The answer to this question
is key to understanding the mechanisms underlying the maintenance of centromere
identity, so we sought to answer it before addressing a potential role of CENP-C in
stabilizing CENP-A nucleosomes.
We took two complementary approaches in cells to determine whether CENP-A is
stably retained at the centromere upon which it is initially deposited. First, we used cell
cycle-synchronized fluorescence pulse labeling of CENP-A in ‘donor’ cells and
subsequent cell fusion with an ‘acceptor’ cell line. The donor cells express SNAP-tagged
CENP-A that has been pulse labeled with TMR-Star (TMR*) to irreversibly label CENP-A
(Jansen et al., 2007) prior to cell fusion. The acceptor cells express YFP-tagged CENP-A
that is loaded at all centromeres, continuing even after fusion. If substantial exchange
occurs between centromeres after the nucleoplasm is shared, then the pulse labeled
CENP-A will be distributed among all the centromeres of the fused cell. However, if
negligible exchange occurs, then the pulse labeled CENP-A will be restricted to the donor
centromeres. The ultimate time point in this experiment is key because the appearance of
sister centromeres provides unequivocal evidence that the underlying centromere DNA
duplicated in the previous S-phase, but the TMR* signal remained with donor
centromeres. By monitoring the fate of CENP-A at individual centromeres over an entire
cell cycle, our findings extend upon and support earlier conclusions based on the lack of
recovery from photobleaching of fluorescently tagged CENP-A during 3-4 hour intervals
at points in the cell cycle outside of early G1 (Hemmerich et al., 2008). At time points
through the subsequent cell cycle (Fig. 2.6) until the second mitosis (Fig. 2.7A), we
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observed no detectable exchange of the TMR* labeled donor CENP-A to the acceptor
centromeres in a shared nucleoplasm. Quantitation of the fluorescence at each
centromere in these heterokaryons yields a bimodal distribution. The donor centromere
group with high TMR* and low YFP (Fig. 2.7B, ‘x’ symbols) has an average TMR* signal
of 0.538 +/- 0.005 (normalized arbitrary units where the maximal measured TMR* signal
in each heterokaryon equals 1; Fig. 2.7C), whereas the acceptor centromere group with
high YFP and low TMR* (Fig. 2.7B, triangle symbols) has an average TMR* signal of 0.055
+/- 0.005 (Fig. 2.7C). These data indicate that once assembled at a centromere, an
individual CENP-A molecule is stably maintained at that particular centromere.
As a complementary approach to test CENP-A stability at individual centromeres,
we used a photoactivatable version of CENP-A (CENP-A-PAGFP). We induced
expression of CENP-A to the extent that it is present at locations throughout the nucleus,
but with clear enrichment at centromeres, and then activated a defined region of each cell
nucleus (Fig. 2.7D [0 hr post-photoactivation]). CENP-A-PAGFP signal is quantitatively
retained at the activated centromeres and does not accumulate at unactivated
centromeres (Fig. 2.7D-E), indicating that there is negligible exchange between
centromeres, consistent with our cell fusion results. In contrast, CENP-A-PAGFP signal in
bulk chromatin decays with ~half of the protein removed by 8 hr following photoactivation.
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Figure 2.6. Early points in centromere exchange experiments in fused cells. (A)
Schematic for cell fusion assay to track CENP-A stability at centromeres. (B)
Representative image of a fused cell containing YFP-tagged and SNAP-tagged CENP-A
labeled with TMR* 4 hours post-fusion. This is prior to the first mitosis after fusion. (C)
Representative image of a fused cell containing YFP-tagged and SNAP-tagged CENP-A
labeled with TMR* at the first G1/S transition with a shared nucleoplasm. In each panel,
the left image shows DNA, the middle two images show the donor and acceptor
fluorophore channels, respectively, and the right image shows differential interference
contrast (DIC). Note the shared cytoplasm in the DIC channel in (B). Insets are 3x
magnified views of the boxed area. Scale bar = 5 µm.

Figure 2.7. (Caption next page)
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Figure 2.7. CENP-A is retained at its centromere of origin. (A-C) Cells expressing
SNAP-tagged CENP-A were pulse labeled with TMR-Star (TMR*), then fused with cells
expressing YFP-tagged CENP-A. Representative images (A) show a cell in the second
mitosis after fusion; insets 3x magnification. X-means clustering was used to classify YFP
only (triangles) or YFP and TMR* (‘x’ marks) centromeres (B), and mean (± s.e.m) TMR*
intensity was calculated for each group (C). (D, E) Cells expressing high levels of CENPA-PAGFP were photoactivated in bulk (box) and centromeric (circle) chromatin.
Representative images (D) show a subset of centromeres in a single z-section.
Fluorescence intensity was quantified at 0 and 8 hr after photoactivation (E, mean ±
s.e.m).

Figure 2.8. Only the centromeric pool of H4 is retained in chromatin long enough to
detect in our cell fusion experiments that span an entire cycle with a shared
nucleoplasm. (A) Schematic for TMR* SNAP labeling assay to track histone turnover in
HeLa cells. (B to G), Representative maximum projected fluorescence images of TMR*
labeled SNAP-tagged histones in HeLa cells. H3.1 (B), H2A (C), H2B (D), and H3.3 (E)
turn over more rapidly than CENP-A (F) or H4 (G), as seen by their marked decrease in
signal by S/G2, and thus turn over too quickly to monitor over the duration of our cell fusion
experimental scheme. Note that for early time points, H3.1, H2A, and H2B levels are
maintained in heterochromatic regions (near nuclear periphery and nucleoli) but are still
essentially turned over by the second G1/S phase, unlike CENP-A and H4. Scale bar = 5
µm.
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Figure 2.9. Only CENP-A and H4 are retained at centromeres in our TMR* SNAP
assays, while a small amount of H3.1 is retained at an adjacent chromatin location.
(A) Schematic for TMR* SNAP labeling assay to track histone colocalization with the
centromere in HeLa cells. (B-E), Representative maximum projected fluorescence images
of TMR* labeled SNAP-tagged histones in HeLa cells. H3.1 (B) and H3.3 (C) do not
colocalize with centromeres at the final time point analyzed, while CENP-A (D) and H4 (E)
colocalize, as seen by overlap with α-CENP-A staining. Additionally, essentially all H3.3
is turned over at the final time point, while the remaining H3.1 is adjacent to—but does not
directly overlap with—α-CENP-A staining, suggesting that the small amount of H3.1 that
is retained resides in pericentromeric regions. Insets are 3x magnification. Scale bar = 5
µm.
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To ensure that the CENP-A stability we observed is not just a general characteristic
of all histones, we performed a SNAP labeling time course for all histones (Fig. 2.8). H3.1,
H2A, H2B, and H3.3 all turn over by the second G1/S phase (Fig. 2.8B-E); however,
CENP-A and H4 are retained through at least two cell cycles, as seen previously (Bodor
et al., 2013). Thus, only CENP-A (and centromeric H4) stability can be measured in our
fusion assays. While there is some retention of H3.1, H2A, and H2B in heterochromatic
regions (Fig. 2.8B-D), this does not correspond with centromeric regions (Fig. 2.9). These
results support the notion that only CENP-A (and centromeric H4) are retained over long
periods of time (>2 cell cycles), and this is a property of the (CENP-A/H4)2 heterotetramer
and not of the centromere as a whole.
2.3.4 CENP-C stabilizes CENP-A at centromeres
To investigate whether CENP-C stabilizes CENP-A at centromeres, we combined
SNAP labeling of CENP-A with CENP-C depletion (Fig. 2.10), for which we generated a
cell line with a chromosomally integrated, doxycycline-inducible CENP-C shRNA cassette.
In our SNAP system, CENP-C depletion leads to a dramatic decrease in the retention over
24 hr of the existing pool of CENP-A at centromeres (Fig. 2.10B,C). Without CENP-C
depletion, the average retention of CENP-A is slightly >100% (112% +/- 63% s.d.), an
increase that is explained by having a small pool of pre-nucleosomal CENP-A in the cell
population that is labeled by the TMR* pulse and subsequently incorporated into
centromeres. Nascent CENP-A deposition is also decreased when CENP-C is depleted
— consistent with its proposed role in the CENP-A assembly reaction (Erhardt et al., 2008;
Moree et al., 2011) — but this would only impact incorporation of the small prenucleosomal pool in the CENP-A retention measurements (Fig. 2.10B,C). Thus, our
findings implicate CENP-C in stabilizing CENP-A nucleosomes at centromeres. We
cannot rule out the possibility that removal of CENP-C in turn removes another centromere
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component that stabilizes CENP-A nucleosomes, but we favor the idea that CENP-C is
the key molecule for stabilizing CENP-A nucleosomes based on its direct binding to it.

Figure 2.10. Depletion of CENP-C reduces the high stability of CENP-A at
centromeres. (A) CENP-C knockdown begins causing cell death 4 days post-induction
(mean ± s.d.) (B, C) Cells with (+ Dox) and without (- Dox) CENP-C depletion were pulse
labeled with TMR* (Day 2), and the relative CENP-A-SNAP signals were analyzed (Day
3). Quantification shows CENP-A-SNAP signal retained at day 3 (>2500 centromeres
plotted with mean ± s.d.). Scale bars, 5 µm.

2.4 Discussion
CENP-A nucleosomes are highly stable at the centromeres upon which they are
initially assembled. This stability is possible through collaboration with CENP-C. Along
with the intranucleosomal rigidity of CENP-A and histone H4, where the key interfacial
amino acids are important for accumulation at centromeres (Bassett et al., 2012; Black et
al., 2004; Sekulic et al., 2010), the physical changes imposed by CENP-C combine to
make CENP-A nucleosomes at centromeres very long-lived. Our data support a model of
a steady-state octameric histone core where H2A/H2B dimers can exchange from either
terminus of the CENP-A nucleosome. At the center, there is an essentially immobile
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(CENP-A/H4)2 heterotetramer (Bodor et al., 2013) (Figs. 2.6-2.9). Thus, the physical
properties related to CENP-A nucleosome stability at centromeres are tied to the intrinsic
properties of the (CENP-A/H4)2 heterotetramer (Bassett et al., 2012; Black et al., 2004;
Sekulic et al., 2010) and the extrinsic properties imposed by CENP-C (Figs. 2.3-2.5).
At the centromere, there is a high local concentration of CENP-A, which results in
a high local concentration of CENP-C (Fig. 2.11). Together, CENP-A and CENP-C
collaborate to form a stable complex that maintains the epigenetic mark of the centromere.
In the chromatin arms, CENP-A levels do not reach a sufficient threshold to recruit CENPC and CENP-A is quickly turned over (Fig. 2.11). Our experiments support the idea that
CENP-A-containing nucleosomes prefer an atypical shape in the absence of CENP-C, but
adopt a conventional overall histone octamer shape when CENP-C binds. In addition, our
reconstitutions on native centromere DNA of octameric CENP-A nucleosomes very closely
match the DNA wrapping properties of CENP-A nucleosomes isolated from functional
human centromeres (Hasson et al., 2013), especially when CENP-C is bound (Fig. 2.5B).
This is in stark contrast to half-nucleosomes (termed hemisomes; i.e. one copy each of
CENP-A, H4, H2A, and H2B) that wrap 65 bp of DNA (Furuyama et al., 2013) and have
been proposed by others to be the major form at centromeres (Bui et al., 2012; Henikoff
et al., 2014). Importantly, until now CENP-C has been considered primarily as a protein
that recognizes CENP-A and bridges centromeric chromatin to other proteins important
for centromere and kinetochore function (Carroll et al., 2010; Erhardt et al., 2008; Guse et
al., 2011; Kato et al., 2013; Przewloka et al., 2011; Screpanti et al., 2011; Tomkiel et al.,
1994) and helping target new CENP-A chromatin assembly at the centromere each cell
cycle (Erhardt et al., 2008; Moree et al., 2011), but our findings that its binding directs
changes to the shape and dynamics of the nucleosome suggest that it could also play a
role in the special stability of CENP-A at centromeres in a manner analogous to allosteric
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regulation of enzymes. This has potential implications for chromatin regulation at diverse
chromosome locations, as such a feature has not been reported for some other noncatalytic nucleosome binding proteins studied to date, like RCC1 and Sir3 (Armache et
al., 2011; Makde et al., 2010), but now is worth considering for these and other
nucleosome binding proteins. Directing a structural change upon binding of one
component to a macromolecular complex to alter its behavior is a general strategy in
biology, and our work with CENP-C importantly illustrates that a nucleosome—in this case,
the special type at the centromere—is no exception.

Figure 2.11. Summary model for collaboration of CENP-C with CENP-A
nucleosomes in specifying centromere location. See discussion for details.
2.5 Methods
2.5.1 FRET measurements
Recombinant human H2B was mutated using QuikChange (Stratagene) to contain
a single cysteine (K120C or S123C) and then purified as described for the wildtype H2B
(Sekulic et al., 2010). Lyophilized protein was dissolved in unfolding buffer (6 M Gnd-HCl,
10 mM Tris-HCl pH 7.5 at 20ºC, 0.4 mM TCEP) for 1 hr at RT and a 30-molar excess of
either maleimido coumarin 343 (C343) or maleimido rhodamine B (RhB) dissolved in DMF
was added dropwise to the protein. The reaction proceeded overnight shielded from light
and was quenched with 10 mM DTT and run over a PD-10 column (GE Healthcare) to
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separate out free dye. Labeled H2B was then mixed with equimolar amounts of H2A for
dimer reconstitution and purification using previously established methods (Dyer et al.,
2004; Sekulic et al., 2010). Labeling efficiencies, E, ranged from 45-90% and were
calculated by spectroscopy using the Beer-Lambert law using the following equation
(Lakowicz, 2006):
E = [(A280 – (CF Amax)/εproteinl]/(Amax/εfluorophorel) (1)
where A280 is the absorbance of protein at 280 nm, Amax is the absorbance of fluorophore
at its maximum wavelength, εprotein and εfluorophore are the molar extinction coefficients for
protein and fluorophore, respectively, l is the pathlength, and CF is the correction factor
for contribution to the protein A280 from the fluorophore. Labeling efficiency was further
confirmed by SDS-PAGE (coomassie blue staining) and mass spectrometry (Fig. 2.2).
α-satellite DNA derived from a sequence described by Harp, et al. (Harp et al.,
1996) or the 601 DNA sequence described by Lowary and Widom (Lowary and Widom,
1998) were used in nucleosome assembly reactions. Briefly, a 145 bp region derived from
a human α-satellite sequence with 25 bp of flanking DNA on each side was cloned into
the pUC19 plasmid using EcoRI and XbaI restriction sites. The α-satellite DNA monomer
was then amplified from the plasmid by PCR using primers specific to the flanking DNA
regions.

The

complete

α-satellite

sequence

is:

5’-

CGTATCGCCTCCCTCGCGCCATCAGATCAATATCCACCTGCAGATTCTACCAAAAG
TGTATTTGGAAACTGCTCCATCAAAAGGCATGTTCAGCTCTGTGAGTGAAACTCCAT
CATCACAAAGAATATTCTGAGAATGCTTCCGTTTGCCTTTTATATGAACTTCCTGATC
TGAGCGGGCTGGCAAGGCGCATAG-3’, with the 145 bp α-satellite region underlined.
Typically, DNA from multiple 96-well PCR reactions were pooled, ethanol precipitated,
resuspended in TE buffer and purified by anion-exchange chromatography. Widom 601
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DNA was purified as described (Hasson et al., 2013). Nucleosomes were assembled on
either DNA sequence and uniquely positioned using the gradual salt dialysis method
followed by thermal shifting for 2 hr at 55ºC (Dyer et al., 2004). Assembly was assessed
by native PAGE (ethidium bromide and coomassie blue staining) and by SDS-PAGE
(coomassie blue staining).
As mentioned above, the fluorophores for FRET measurements were C343,
serving as an energy donor (D), and RhB, serving as an acceptor (A). C343 and RhB were
selected because their calculated R0 (Förster radius; distance at which energy transfer
efficiency is 50%) is 58 Å, which is within the range of predicted dimer distances where
energy transfer would be most sensitive to changes in FRET efficiency. For synthesis of
fluorophores, all solvents and reagents were obtained from standard commercial sources
and used as received. Selecto silica gel (Fisher Scientific, particle size 32-63 µm) was
used for column chromatography. 1H NMR spectra were recorded on a Varian Unity 400
MHz spectrometer. Mass spectra were obtained on a MALDI-TOF MS Microflex LRF
instrument (Bruker Daltonics), using α-cyano-4-hydroxycinnamic acid as a matrix. The
compound maleimido C343 was synthesized by a CDMT-assisted peptide coupling of
C343

and

1-(2-Aminoethyl)pyrrol-2,5-dione.

1-(2-Aminoethyl)pyrrol-2,5-dione

was

synthesized as described (Richter et al., 2012). C343 was dissolved in DMF at 0°C, 2chloro-4,6-dimethoxy-1,3,5-triazine and N-methylmorpholine (NMM) were added, and the
mixture was stirred for 1 hr. 1-(2-Aminoethyl)pyrrol-2,5-dione and NMM were dissolved
separately in DMF and added dropwise to the C343 mixture. The reaction was stirred at
0°C for 2 hr and then warmed to room temperature and stirred for 12 hr. The solvent was
removed under vacuum and the residue was purified by column chromatography (silica
gel, DCM). The fraction containing maleimido C343 was collected, the solvent was
evaporated, and the product was dried under vacuum. 1H NMR (CDCl3, δ): 8.94 (s, 1H),
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8.57 (s, 1H), 6.99 (d, 2H, 3J = 3.5 Hz), 6.70 (s, 2H), 3.80 (t, 1H, 3J = 5.8 Hz), 3.65 (m, 2H),
3.34 (m, 4H), 2.88 (t, 2H, 3J = 6.3 Hz), 2.77 (t, 2H, 3J = 6.1 Hz), 1.97 (m, 4H). For MALDITOF, the m/z (mass-to-charge ratio) calculated for C22H21N3O5 was 407.15; the following
species were found; 407.102 [M]+ and 429.767 [M+Na]+. Maleimido RhB was synthesized
by a HBTU-assisted peptide coupling of RhB piperazine amide (Nguyen and Francis,
2003) and N-maleimidoglycine (Kassianidis et al., 2006). 1H NMR (CDCl3, δ): 7.78-7.72
(m, 3H), 7.53-7.51 (m, 1H), 7.29 (m, 2H), 7.10-7.05 (br s, 2H), 6.72 (s, 2H), 6.70 (s, 2H),
4.38 (s, 2H), 3.66-3.55 (m, 8H), 3.49-3.41 (m, 8H) 1.33 (t, 12H, 3J = 7 Hz). For MALDITOF, the m/z calculated for C38H42N5O5+ was 648.32; the following species were found;
648.358.
Steady-state

emission

measurements

were

performed

on

a

FS900

spectrofluorometer (Edinburgh Instruments), equipped with a photon-counting R2658P
PMT (Hamamatsu). Samples were excited at 450 nm, the wavelength at which the
absorbance of an equimolar mixture of C343 and RhB is dominated by C343 (>99%), and
measurements were performed using dilute solutions (ODmax< 0.1) in a Spectrosil quartz
cuvette (1 cm optical path length, Starna Cells). As a result, only negligible RhB emission
is observed under these conditions in the absence of FRET. Emission spectra were
corrected by the detector quantum yield and normalized by the incident light intensity at
the excitation wavelength. The final emission spectra used in quantum yield calculations
(see below) are expressed in counts (photons) per second (CPS). Absorbance
measurements were performed using a LAMBDA 35 UV/Vis spectrophotometer
(PerkinElmer). FRET efficiency was calculated based on donor quenching in the presence
of an acceptor fluorophore (Forster, 1946; Lorenz et al., 1999; Stryer and Haugland,
1967). The quantum yield of fluorescence was calculated using the following equation
(Crosby and Demas, 1971):
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ΦS = ΦR[(AR(λR)/AS(λS)][nS2/nR2][DS/DR] (2)
where ΦS is quantum yield, A(λ) is the absorbance value at the designated excitation
wavelength, n is the refractive index of the solution (nS = 1.333 and nR = 1.361), and D is
the integrated emission spectrum. The subscripts S and R refer to the sample and
reference solutions, respectively. Rhodamine 6G in 100% ethanol was used as a
reference actinometer (ΦR= 0.95) (Kubin and Fletcher, 1982).
Because of the nature of nucleosome reconstitutions, nucleosomes reconstituted
with both C343- and RhB-labeled dimers (i.e. our FRET samples) contain some
percentage of C343-only nucleosomes. Both C343- and RhB-labeled dimers exhibited
~90% labeling efficiency, meaning that ~10% of the dimers used in a reconstitution
reaction are unlabeled. This leads to a mixture of nucleosomes characterized by the
following equation:
UU + DU + DD + DA + AA + AU = 1 (3)
where UU represents the subset of nucleosomes that contain two unlabeled dimers, DU
represents the subset of nucleosomes that contain one C343-labeled dimer and one
unlabeled dimer, DD represents the subset of nucleosomes with two C343-labeled dimers,
DA represents the subset of nucleosomes with one C343-labeled dimer and one RhBlabeled dimer, AA represents the subset of nucleosomes with two RhB-labeled dimers,
and AU represents the subset of nucleosomes with one RhB-labeled dimer and one
unlabeled dimer. Because we are using donor quenching to calculate FRET efficiency, we
only consider C343-containing species, so equation 3 is simplified to the following
equation:
a + b = 1 (4)
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where a represents the normalized population of DU and DD nucleosomes and b
represents the normalized population of DA nucleosomes in the FRET sample. Both a and
b can be calculated using the known labeling efficiencies of both donor-labeled and
acceptor-labeled dimers determined from spectroscopy and mass spectrometry analysis.
In order to account for the subset of DU and DD nucleosomes present in our FRET
samples when measuring donor quenching, a separate control sample of C343-only
nucleosomes are reconstituted and measured alongside every experimental sample. The
following equation is then used to calculate the quantum yield of C343 in nucleosomes
containing both C343 and RhB dimers:
ΦDA = [ΦT – a(ΦDD)]/b (5)
where ΦDA is the quantum yield of C343-RhB nucleosomes (DA), ΦT is the total quantum
yield of all C343-containing nucleosomes (DU + DD + DA), ΦDD is the quantum yield of
C343-only nucleosomes (DU + DD), and a and b represent the fraction of C343-only
nucleosomes and C343-Rhb nucleosomes in a sample, respectively, determined as
described above. ΦT and ΦDD are calculated from the FRET sample and the C343-only
sample, respectively, using equation 2 above.
FRET efficiency, ΦFRET, is then determined based on the following equation (Lakowicz,
2006):
ΦFRET = 1-(ΦDA/ΦDD) (6)
The distance, r, between the two fluorophores is then calculated using the following
equation (Lakowicz, 2006):
r = R0[(1/ΦFRET)-1]1/6 (7)
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where R0 is the Förster radius. For the C343/RhB pair, the R0 was calculated to be 58 Å,
using the following equation (Lakowicz, 2006):
R0 = 9790(Jκ2ΦDDn-4)1/6 Å (8)
where J is the spectral overlap integral for C343/RhB pair, ΦDD is the quantum yield of
C343, n is the refractive index of the solvent (n=1.333), and κ2=2/3 is the orientation factor
for freely rotating fluorophores (Lakowicz, 2006). Our assumption of orientational
averaging as in the case of freely rotating transition dipole moments was confirmed by our
anisotropy measurements (see below).
The measured anisotropy for the fluorophore pair was found to be less than 0.2
(Fig. 2.2 and Table 2.1), confirming that usage of formula (7) was appropriate for
estimation of interchromophoric distances. Steady-state fluorescence anisotropy
measurements were performed on a QuantaMaster spectrophotometer (PTI). Samples
were diluted to 0.5-1.0 µM in 150 mM NaCl, 20 mM Tris-HCl pH 7.5 at 4°C, 1 mM EDTA,
1 mM DTT and excited at 450 nm for C343 and 567 nm for RhB. Anisotropy, r, was
calculated in FeliX32 software using the following equation (Lakowicz, 2006):
r = (IVV – G IVH)/(IVV + 2G IVH) (9)
where IVV is the parallel polarized fluorescence intensity, IVH is the perpendicular polarized
fluorescence intensity, and G is the correction factor for the setup.
Lifetime measurements, τ, were performed using a FluoroLog fluorometer (Horiba
Scientific). The excitation source was an LED (NanoLED), λmax=441 nm with an average
repetition rate of 1 MHz. Samples were in 150 mM NaCl, 20 mM Tris-HCl pH 7.5 at 4°C,
1 mM EDTA, 1 mM DTT at 0.5-1.0 µM. Emission was measured at 491 nm using a
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bandpass filter (5 nm). Lifetimes were fitted exponentially using DAS6 software (Horiba
Scientific).
2.5.2 HXMS
CENP-A mononucleosomes were reconstituted with the same 195 bp α-satellite
DNA described above in the FRET studies and concentrated to 0.9 mg/ml with Centricon
concentrators (Millipore, Billerica, MA). Recombinant human CENP-CCD consisting of the
central domain only (a.a. 426-537, the plasmid for recombinant human CENP-CCD
expression was a generous gift from A. Straight, Stanford, USA) was GST-tagged and
purified over a GST column followed by PreScission protease cleavage (GE Healthcare)
and ion-exchange chromatography and prepared in a buffer containing 20 mM Tris pH
7.5, 200 mM NaCl, 0.5 mM EDTA, 1 mM DTT. To form complexes with CENP-CCD, 2.2
moles of recombinant CENP-CCD were added per mole of CENP-A nucleosomes.
To the nucleosome-only sample the buffer used for CENP-CCD preparation was
added so that the chemical composition of the buffers were identical in all
cases. Deuterium on-exchange was carried out by adding 5 µL of each sample (containing
approximately 4 µg of nucleosomes or complex) to 15 µL of deuterium on-exchange buffer
(10 mM Tris, pD 7.5, 0.5 mM EDTA, in D2O) so that the final D2O content was
75%. Reactions were quenched at the indicated time points by withdrawing 20 µL of the
reaction volume, mixing in 30 µL ice cold quench buffer (2.5 M GdHCl, 0.8% formic acid,
10% glycerol), and rapidly freezing in liquid nitrogen prior to proteolysis and LC-MS steps.
HX samples were individually melted at 0°C then injected (50 µl) and pumped through an
immobilized pepsin (Sigma) column at initial flow rate of 50 µl/min for 2 min followed by
150 µl/min for another 2 min. Pepsin was immobilized by coupling to Poros 20 AL support
(Applied Biosystems) and packed into column housings of 2 mm x 2 cm (64 µL)
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(Upchurch). Protease-generated fragments were collected onto a C18 HPLC trap column
(800 µm x 2 mm, Dionex) and eluted through an analytical C18 HPLC column (0.3 x 75
mm, Agilent) by a linear 12-55% buffer B gradient at 6 µl/min (Buffer A: 0.1% formic acid;
Buffer B: 0.1% formic acid, 99.9% acetonitrile). The effluent was electrosprayed into the
mass spectrometer (LTQ Orbitrap XL, Thermo Fisher Scientific). The SEQUEST
(Bioworks) software program was used to identify the likely sequence of parent peptides
using nondeuterated samples via tandem MS. MATLAB based MS data analysis tool,
ExMS, was used for data processing (Kan et al., 2011).
2.5.3 MNase digestions
Nucleosomes were assembled using the same 195 bp α-satellite DNA sequence
used in FRET studies using the same assembly approach described above. Nucleosomes
were digested for various times with 2 U/µg of Mnase (Roche) at room temperature (22°C).
Reactions were terminated with the addition of guanidine thiocyanate and EGTA. The
DNA was isolated using a MinElute PCR purification kit (Qiagen) and analyzed on an
Agilent 2100 Bioanalyzer.
2.5.4 SANS
Nucleosome core particles were assembled on the α-satellite 145 bp sequence
described above. The sequence was cloned in tandem copies separated by EcoRV sites
in pUC57. The 145 bp fragments were released by EcoRV digestion and purified away
from the backbone by anion exchange chromatography. Following nucleosome
reconstitutions, performed as described above, the nucleosomes were purified by
preparative electrophoresis (Prep Cell, BioRad) using a 5% native gel to separate free
DNA and any other non-nucleosomal species (Dyer et al., 2004). SANS experiments were
performed at the National Institutes of Standards and Technology Center for Neutron
Research NG-3. Samples were prepared by dialysis at 4ºC against matching buffers
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containing 20% or 80% D2O for a minimum of 3 hr using a 6-8 kDa cutoff D-tube dialyzer
(Novagen). Samples were centrifuged at 10,000 X g for 5 min at 4ºC and then loaded into
Hellma quartz cylindrical cells (outside diameter of 22 mm) with 1 mm path lengths and
maintained at 6ºC during the experiment. Sample concentrations were determined by
Bradford analysis and optical absorbance at 260 nm. Scattered neutrons were detected
with a 64 cm × 64 cm two-dimensional position-sensitive detector with 128 × 128 pixels at
a resolution of 0.5 cm/pixel. Data reduction was performed using the NCNR Igor Pro macro
package (Kline, 2006). Raw counts were normalized to a common monitor count and
corrected for empty cell counts, ambient room background counts and non-uniform
detector response. Data were placed on an absolute scale by normalizing the scattered
intensity to the incident beam flux. Finally, the data were radially-averaged to produce
scattered intensity, I(q), versus q curves. The scattered intensities from the samples were
further corrected for buffer scattering and incoherent scattering from hydrogen in the
samples. Data collection times varied from 0.5-2 hr, depending on the instrument
configuration, sample concentration and buffer conditions. Sample-to-detector distances
of 11 m (q-range 0.006-0.043 Å-1, where q = 4πsin(θ)/λ, where λ is the neutron wavelength
and 2θ is the scattering angle), 5 m (q-range 0.011–0.094 Å−1), and 1.5 m (detector offset
by 20.00 cm, q-range 0.03–0.4 Å−1) at a wavelength of 6 Å and a wavelength spread of
0.15 were collected for each contrast point. We observed good agreement between Rg
and I(0) values determined from either inverse Fourier analysis using GNOM or from
Guinier analysis. The program MuLCH (Whitten et al., 2008) was used to calculate
theoretical contrast and to analyze contrast variation data. Distance distribution curves
were normalized for total molecular mass for the complex.
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2.5.5 SNAP labeling experiments and cell fusions
CENP-A-SNAP HeLa cells for fusion experiments were labeled with TMR* (NEB)
as described previously and subjected to a double thymidine block with a final thymidine
concentration of 2 mM (Bodor et al., 2013; Jansen et al., 2007). YFP-CENP-A HeLa cells
(Black et al., 2007a), CENP-A-SNAP Hela cells (Jansen et al., 2007), and SNAP-tagged
core histone (H3.1, H3.3, H4, and H2B)-expressing HeLa cells (Bodor et al., 2013; RayGallet et al., 2011) are all established lines. After labeling with TMR*, CENP-A-SNAP
HeLa cells were trypsinized, counted, and co-seeded onto poly-D-lysine (Sigma-Aldrich)
treated coverslips along with an equivalent number of HeLa cells constitutively expressing
YFP-CENP-A. Cells were arrested in growth medium (DMEM supplemented with 10%
fetal bovine serum (FBS), 100 U/mL penicillin, and 100 µg/mL streptomycin) containing 2
mM thymidine for 17 hr. Cells were then washed 3x with PBS, fused with 50% PEG-1500
(Roche) for 30 s and subsequently washed in PBS and placed in media containing 24 µM
deoxycytidine to release from thymidine block. After 9 hr, cells were blocked again with
media containing thymidine for 17 hr. Cells were released from thymidine with DMEM
media containing 24 µM deoxycytidine and nocodazole was added 7 hr post-release at a
final concentration of 400 ng/mL. Coverslips were fixed and processed for
immunofluorescence at the timepoints outlined in Fig. 2.6A. HeLa-based cell lines for
inducible CENP-A-SNAP with and without shRNAs, and constitutive CENP-A-SNAP with
inducible shRNAs directed against CENP-C were generated by recombinase-mediated
cassette exchange (RMCE) using the HILO RMCE system (a generous gift from E.V.
Makeyev, Nanyang Technological University, Singapore (Khandelia et al., 2011)).
pEM784 was used to express nuclear-localized Cre recombinase. pEM791 was modified
for inducible expression of CENP-A-SNAP-HA3, CENP-A-SNAP-HA3 plus 2 shRNAs
against CENP-C (5’-tgctgttgactttctaccttgaaggagttttggccgctgactgactccttcaatagaaagtcaa-3’
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and 5’-tgctgacaagtttgttcttggactcagttttggccactgactgactgagtccaaacaaacttgt-3’), constitutive
CENP-A-SNAP-HA3 driven by the EF1α promoter plus 2 shRNAs against CENP-C, and
CENP-A-PAGFP respectively. CENP-C knockdown was induced in constitutive CENP-ASNAP cell lines by treating for 48 hr with 2 µg/mL doxycycline prior to TMR* labeling for
pulse-chase experiments to measure the retention of CENP-A protein at centromeres.
Cells were fixed either immediately after labeling or again 24 hr later. Cell number was
also determined at these time points, so that the total level of CENP-A turnover could be
calculated, as described (Bodor et al., 2013). For experiments to measure the amount of
new CENP-A assembly with or without CENP-C knockdown, cells were treated with 50
ng/mL of doxycycline during a double thymidine block procedure that spanned 48 hr.
Following release from the double thymidine block, CENP-A-SNAP was quenched with
SNAP-Cell Block (NEB) then released for 6.5 hr to allow for new synthesis of CENP-ASNAP protein. The nascent pool of CENP-A-SNAP protein was then pulse-labeled with
TMR*, and the cells were cultured for an additional 17.5 hr prior to fixation and processing
for immunofluorescence. A separate sample was labeled with TMR* immediately after the
quench step to confirm successful quenching of ‘old’ CENP-A.
For immunofluorescence, cells were fixed in 4% formaldehyde for 10 min at room
temperature followed by permeabilization using PBS + 0.5% Triton X-100. Samples were
stained with DAPI before mounting with Vectashield medium (Vector laboratories). The
following primary antibodies were used: mouse mAb anti-CENP-A (1:1000 Enzo), rabbit
pAb anti-CENP-C (1:2000) (Bassett et al., 2010), and mouse mAb anti-HA.II antibody
(1:1000, Covance). AlexaFluor488- and AlexaFluor647-conjugated secondary antibodies
were obtained from Invitrogen and were used at 1:1000. Images were captured at 23°C
using software (LAF; Leica) by a charge-coupled device camera (ORCA AG; Hamamatsu
Photonics) mounted on an inverted microscope (DMI6000B; Leica) with a 100x 1.4 NA
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objective. For each sample, images were collected at either 0.2 µm z-sections (Figs
2.6,7A,8,9) or 0.49 µm z-sections (Fig. 2.7D,E) that were subsequently deconvolved using
identical parameters. The z-stacks were projected as single two-dimensional images and
assembled using PhotoShop (version 13.0; Adobe), ImageJ (1.48v) (Schneider et al.,
2012), and Illustrator (version 16.0; Adobe). To quantify fluorescence intensity in cell
fusions, individual centromeres from non-deconvolved maximum projections were
selected and the intensity of both TMR* and YFP signal were determined after subtracting
the background fluorescence measured from adjacent regions of the cell using ImageJ.
For each unique fusion, the levels of fluorescence for both channels were normalized to
the highest measured value in that channel, leading to normalized values for YFP intensity
and TMR* intensity for each centromere in the fused cell. Thus, each centromere is a data
point that has an associated TMR* and YFP value assigned to it, which were then run
through the machine learning x-means clustering algorithm of Weka (Hall et al., 2009;
Pelleg and Moore, 2000), which partitions the data points into n clusters based on their
closeness to an assigned mean value. This generated the two groups of data points (YFP
only and YFP + TMR*) in the plot seen in Fig. 2.7B. To quantify fluorescence intensity in
experiments with CENP-C knockdown, the Centromere Recognition and Quantification
(CraQ) macro (Bodor et al., 2012) was run in ImageJ with standard settings using a
reference channel and DAPI. Total CENP-A staining was used as the reference channel
to define ROIs for quantification of TMR* intensity. CENP-A fluorescence intensity values
at the final time point were normalized to reflect the total pool of labeled CENP-A by
accounting for the increase in cell number in the dividing cell populations following TMR*
pulse. 2800-4200 centromeres from >70 cells were analyzed for each time point.
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2.5.6 PAGFP experiments
CENP-A-PAGFP cells were generated with the RMCE system (Khandelia et al.,
2011), as described above, and expression was induced with 1 µg/mL doxycycline 2 days
prior to photoactivation and continued for the duration of the experiment. Cells were
cultured in growth medium at 37°C in a humidified atmosphere with 5% CO2. For live
imaging, cells were plated on 22 x 22 mm glass coverslips (#1.5; Thermo Fisher Scientific)
coated with poly-D-lysine (Sigma-Aldrich). Coverslips were mounted in magnetic
chambers (Chamlide CM-S22-1, LCI) using growth medium without phenol red
(Invitrogen). Temperature was maintained at 37°C with 5% CO2 using an environmental
chamber (Incubator BL; PeCon GmbH). Evaporation of media was prevented by applying
a thin layer of mineral oil over the media within the magnetic chamber. Prior to
photoactivation, a single plane image of the unactivated nucleus was acquired to be used
for background subtraction. Cells were subsequently photoactivated by defining an ROI
surrounding ~half of the nucleus and then activated using a pointable 405 nm laser
(CrystaLaser) set to 10% power and one repetition using iLAS2 software run through
MetaMorph, followed by acquisition of an image of a single z-plane. Cells were then
followed by DIC for 8 hr, at which point a final single plane image was acquired. Images
were acquired with a confocal microscope (DM4000; Leica) with a 100x 1.4 NA objective
lens, an XY Piezo-Z stage (Applied Scientific Instrumentation), a spinning disk (Yokogawa
Corporation of America), an electron multiplier charge-coupled device camera (ImageEM;
Hamamatsu Photonics), and a laser merge module equipped with 488 nm and 593 nm
lasers (LMM5; Spectral Applied Research) controlled by MetaMorph software (Molecular
Devices).
To quantify the retention of CENP-A-PAGFP in bulk chromatin, a 25 x 25 pixel
region-of-interest (ROI) was drawn in ImageJ on a region of photoactivated bulk chromatin
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and the average fluorescence was recorded. Recorded fluorescence measurements were
corrected for background by subtracting the fluorescence value of the pre-photoactivated
ROI. This corrected average fluorescence of the ROI was then multiplied by the area of
the ROI in order to calculate the average fluorescence of the area.

These area

fluorescence measurements of the bulk chromatin ROI for each cell were averaged to
generate the final numbers for comparison. Upon overexpression, CENP-A initially
assembles into nucleosomes at centromeres and at locations throughout the genome
(Heun et al., 2006; Lacoste et al., 2014). Functional centromeres do not spread throughout
chromosomes under these conditions. We note that there is a small soluble pool of CENPA in bulk chromatin that is mobile throughout the nucleus, but this does not significantly
contribute to quantification and does not diffuse to the unactivated portion of the nucleus
in earlier time points. To quantify the retention of CENP-A-PAGFP in centromeric
chromatin, single planes were thresholded to create ROIs around all visibly photoactivated
centromeres and the average fluorescence as well as the total centromeric area were both
recorded. Fluorescence measurements were corrected for background by subtracting the
fluorescence value of the pre-photoactivated ROIs. This corrected average fluorescence
of the ROI was then multiplied by the area of the ROIs in order to calculate the average
fluorescence of the area. These area fluorescence measurements of the centromeric
chromatin ROIs for each cell were averaged to generate the final numbers for comparison.
2.5.7 Cell lethality assay
Constitutive CENP-A-SNAP HeLa cells with doxycycline-inducible shRNAs
directed against CENP-C were seeded in 6-well plates in triplicate at 8.4 x 104 cells per
well and with daily introduction of 2 µg/mL dox. Cells were collected and stained with
0.4% Trypan Blue (CellGro) and counted on a hemocytometer to calculate the percentage
of cell death based on trypan blue uptake.
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2.5.8 Immunoblotting
Samples derived from whole cell lysates were separated by SDS-PAGE and
transferred to a nitrocellulose membrane for immunoblotting. Blots were probed using the
following antibodies: human ACA (2 µg/mL, Antibodies Incorporated), rabbit anti-CENP-C
(1.7 µg/mL) and mouse mAb anti-α-tubulin (1:4000, Sigma-Aldrich). Antibodies were
detected using a horseradish peroxidase-conjugated secondary antibody at 1:10,000
(human) and 1:2000 (rabbit or mouse) (Jackson ImmunoResearch Laboratories) and
enhanced chemiluminescence (Thermo Scientific).
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Chapter 3: CENP-C directs the CENP-A nucleosome structural transition primarily
through sliding of DNA gyres

3.1 Abstract
The histone H3 variant, CENP-A, is incorporated into nucleosomes that mark
centromere location. Using single molecule FRET, we find that CENP-A directs a change
to nucleosome shape that is dominated by lateral passing of the two DNA gyres (gyre
sliding). A non-histone centromere protein, CENP-C, binds to and reshapes the
nucleosome, sliding the DNA gyres back to positions similar to those in canonical
nucleosomes containing conventional histone H3.
3.2 Introduction
In diverse eukaryotes, centromere location is specified by a unique chromatin
domain containing CENP-A nucleosomes (Allshire and Karpen, 2008; Sekulic and Black,
2012; Westhorpe and Straight, 2015). CENP-A does not work alone, and we recently
found that CENP-A collaborates with a constitutive centromere protein, CENP-C, to
maintain centromere identity (Falk et al., 2015). In the absence of CENP-C, CENP-A
directs an altered shape to the octameric histone core, and when CENP-A is directed to
chromosome locations lacking a high local concentration of CENP-C it is destabilized (Falk
et al., 2015). The nucleosome shape deviation emanates from rotation at the CENPA/CENP-A interface (Sekulic et al., 2010), requiring the movement of H2A/H2B dimers
away from each other to avoid steric clashing. Indeed, H2A/H2B dimers are 5 Å further
away from each other in CENP-A nucleosomes than in canonical H3-containing
nucleosomes (Falk et al., 2015), but the nature of the structural rearrangement—central
to understanding the altered path of CENP-A nucleosomal DNA—remains unclear (Fig.
1a). The central domain of CENP-C (CENP-CCD) contacts the C-terminal tail of CENP-A,
as well as discrete surfaces on histones H2A and H4 (Carroll et al., 2010; Kato et al.,
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2013), and reshapes the CENP-A nucleosome (Falk et al., 2015) (Fig. 1a), providing a
prime example for the chromatin field that nucleosome shape and function can be
modulated in a manner analogous to the allosteric regulation of enzymes. Thus, we sought
a clear understanding of the CENP-A nucleosome structural transition because its
importance is in understanding both the epigenetic maintenance of centromere identity
and the possible ways in which nucleosome structure and function can be modulated.

Figure 3.1. (Caption next page)
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Figure 3.1. CENP-A nucleosomes adopt an altered DNA wrap that reverts to
canonical wrapping upon CENP-CCD binding. (A) Cartoon schematic of H3, CENP-A,
and CENP-A nucleosomes bound by CENP-CCD. The schematic for CENP-A
nucleosomes indicates an altered histone core structure where the H2A/H2B dimers rotate
away from each other, which suggests an altered DNA wrap that could lead to either the
DNA gyres widening or sliding past each other. (B) Diagram of the two DNAs used in
single molecule FRET experiments to investigate differences in the DNA wrap of H3,
CENP-A, and CENP-A nucleosomes bound by CENP-CCD. The DNA sequence is derived
from human α-satellite DNA and the donor and acceptor fluorophores are represented by
green and red lollipops, respectively. (C) Predictions for the change in ΦFRET between
CENP-A and H3 nucleosomes for the two fluorophore pairs if the DNA gyres widen, slide
past each other, or if both movements occur. (D) Native PAGE of indicated samples
visualized by Cy3 fluorescence. (E) ΦFRET values for H3, CENP-A, and CENP-A
nucleosomes bound by CENP-CCD plotted as histograms and fitted to a Gaussian
distribution for DNA1 and DNA2. N=128-355 individual nucleosomes in the high FRET bin
shown per histogram. (F) Summary of ΦFRET values for nucleosomes and DNA indicated.
Efficiency values are the center of Gaussian curve fitting in panel 1E. (G) Summary of
changes in ΦFRET values between the indicated nucleosomes. The differences in ΦFRET are
calculated for three different nucleosome comparisons (indicated in columns A and B) on
both DNA1 and DNA2. Error is the uncertainty in the average FRET at a 95% confidence
level.
3.3 Results
3.3.3 CENP-C reverts the altered DNA wrap of CENP-A nucleosomes
The 147 bp of DNA that wrap a canonical nucleosome make ~1.7 turns around the
histone core, resulting in two DNA gyres that contact the H2A/H2B dimers in the histone
core (Luger et al., 1997). H2A/H2B dimers moving away from each other in CENP-A
nucleosomes could cause the two gyres of DNA to move away from each other, resulting
in a widening of the DNA gyres (Fig. 3.1A). Alternatively, the movement of the dimers
could result in the DNA gyres moving laterally past each other, resulting in a tightening of
the DNA wrap at the point of contact of the dimers (Fig. 3.1A). In order to measure the
relative contribution of these two types of DNA gyre movement, we designed a FRETbased scheme that employs two nucleosomal DNAs (DNA1 and DNA2; Fig. 3.1B) each
derived from a human α-satellite sequence (Harp et al., 1996) where the dyad position
precisely matches where CENP-A nucleosomes map at native centromeres (Hasson et
al., 2013). In the case of DNA1 (Fig. 3.1C), gyre separation would result in the fluorophores
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moving away from each other, resulting in a decrease in FRET efficiency (ΦFRET). For
lateral DNA gyre passing, the donor fluorophore moves closer to the acceptor fluorophore,
resulting in higher ΦFRET. In the case of DNA2 (Fig. 3.1C), gyre separation also results in
the fluorophores moving away from each other, leading to a decrease in ΦFRET. However,
in the case of lateral DNA gyre passing, the donor fluorophore moves further away from
the acceptor fluorophore, resulting in a decrease in ΦFRET in the case of DNA2. An
important aspect of our design is that we expect the absolute change (∆ΦFRET) to be
roughly equal for both DNA1 and DNA2 if either gyre separation or lateral passing
dominates the structural change, because each pair is located approximately the same
distance from one another on the DNA. Therefore, in the case that gyre separation
dominates, ΦFRET will decrease for both DNA1 and DNA2, with both decreasing by a similar
magnitude (Fig. 3.1C). If DNA gyre lateral passing dominates, then ΦFRET should increase
for DNA1 and decrease for DNA2, but the magnitude of change should be approximately
equal (Fig. 3.1C). If both types of movement substantially contribute to altering the DNA
path, then the absolute ΦFRET measured for DNA1 should be different from the measured
ΦFRET for DNA2, because DNA gyre separation and lateral DNA gyre passing have
opposite effects on ΦFRET for DNA1 but each result in decreasing ΦFRET for DNA2 (Fig.
3.1C).
Our single molecule FRET measurement setup is based on one that we have used
to address diverse issues in nucleosome structure and dynamics (Lee and Lee, 2012; Lee
et al., 2011). Nucleosomes (and nucleosomal complexes; see native PAGE in Fig. 3.1D)
exhibited a range of ΦFRET values and we focused our analysis on the high FRET group
where nucleosomes are positioned on the DNA as we designed. We performed separate
analysis on those in low and medium FRET groups where positioning on the DNA template
may vary slightly (see Methods, Fig. 3.2, and Table 3.1). In all bins, CENP-A nucleosomes
reconstituted with DNA1 exhibit a significantly increased ΦFRET, but with DNA2 exhibit a
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significantly decreased ΦFRET, relative to H3 nucleosomes (Fig. 3.1E-G). Further, the
absolute change in ΦFRET is almost identical in these comparisons (Fig. 3.1E-G). Taken
together, these data indicate that DNA alteration in CENP-A nucleosomes relative to its
conventional counterparts containing canonical H3 is heavily dominated by the gyres
laterally passing one another, with a small contribution from the DNA gyres separation.

Figure 3.2. Medium and low FRET groups probably representing varying positions
on the DNA show similar changes between H3 and CENP-A nucleosomes with and
without CENP-C as does the high FRET state. Summary of ΦFRET values and changes
for nucleosomes and DNA indicated for medium and low FRET groups. The (A) medium
and (D) low ΦFRET values for H3, CENP-A, and CENP-A nucleosomes bound by CENPCCD were plotted as histograms and fitted to a Gaussian distribution for DNA1 and DNA2.
Efficiency values for (B) medium and (E) low are the center of Gaussian curve fitting and
66

the errors are the uncertainty at a 95% confidence level. The differences in ΦFRET for (C)
medium and (F) low FRET groups are calculated for three different nucleosome
comparisons (indicated in columns A and B) on both DNA1 and DNA2. While the
predominant species of nucleosomes are positioned with the central bp of the 147 bp
sequence located at the dyad, there can be subpopulations of nucleosomes with the dyad
shifted by one or a few bp in either direction. The nature of single-molecule experiments
allows for measurement of these subpopulations, which are reflected in the medium and
low FRET groups. Both of these groups follow the same ΦFRET trends as the high FRET
group, but represent a smaller percentage of the total measurements. Thus, we interpret
them as nucleosomes that have a different dyad position than the predominant high FRET
group. N=25-68 individual nucleosomes for the low FRET group and N=102-226 individual
nucleosomes for the medium FRET group.
H3 nucleosomes
DNA1
N
%

DNA2
N
%

CENP-A
nucleosomes
DNA1
DNA2
N
%
N
%

CENP-A + CENP-CCD
nucleosomes
DNA1
DNA2
N
%
N
%

Low
68 15.2 60 18.1 44 14.5 58
10
35
5.7
25
9.2
FRET
Medium
129 29 143 43.2 103 33.9 209 36.1 226 36.7 102 37.5
FRET
High
249 55.8 128 38.7 157 51.6 312 53.9 355 57.6 145 53.3
FRET
Total
446 100 331 100 304 100 579 100 616 100 272 100
Table 3.1. Summary of the different ΦFRET groups observed in smFRET
measurements. The number and percentage of the nucleosomes analyzed in this study
binned into the low, medium, and high ΦFRET groups (Figs. 3.1 and 3.2).

We predicted that CENP-CCD binding to the CENP-A nucleosome would cause the
gyres of the DNA to slide back to a conventional nucleosome orientation. This conclusion
is both based on our earlier findings (Falk et al., 2015) and the present findings that the
major form of structural alteration in unbound CENP-A nucleosomes occurs via DNA gyre
sliding (Fig. 3.1). Indeed, CENP-A nucleosomes bound by CENP-CCD have essentially the
same ΦFRET as those of isolated canonical nucleosomes containing conventional H3,
suggesting that the internal DNA wrap of these two nucleosome complexes are nearly
identical (Fig. 3.1E-G). Taken together, our findings provide a view of the starting and
ending points of the protein (Falk et al., 2015) and DNA (Fig. 3.1) components of the
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CENP-A nucleosome during the structural transition directed by CENP-CCD that rigidifies
and stabilizes it to maintain centromere identity through cell generations.

3.3.2 A model of CENP-A structural transitions
To visualize the CENP-A nucleosome structural transition, we constructed a model
of its favored state in solution prior to binding to CENP-C (Fig. 3.3A). We fixed the path of
DNA using the FRET measurements (Fig. 3.1) on a high-resolution CENP-A nucleosome
structural model (Tachiwana et al., 2011) (PDB ID 3AN2). Our model of the CENP-A
nucleosome in the absence of CENP-C (Fig. 3.3A) integrates compaction of the (CENPA/H4)2 heterotetramer at the CENP-A/CENP-A interface (Sekulic et al., 2010) (Fig. 3.3B),
movement of the H2A/H2B dimers away from each other (Falk et al., 2015) (Fig. 3.3C),
and lateral passing of the DNA gyres (Fig. 3.3D) relative to the crystallized form of the
CENP-A nucleosome (Tachiwana et al., 2011).
The rotation and compaction that initiates at the CENP-A/CENP-A four-helix
bundle is simply propagated through the H2A/H2B dimer and leads to DNA gyre sliding.
We note that in the crystallized form of the CENP-A nucleosome that the CENP-A/CENPA four-helix bundle is rotated but not compacted relative to the H3/H3 four-helix bundle in
canonical nucleosomes (Fig. 3.4). For the nucleosomal DNA, the major alteration is, again,
at or near the dyad (i.e. near the CENP-A/CENP-A interface), where there is a decreased
radius of curvature around the histone core in CENP-A nucleosomes prior to CENP-C
binding. The gyres simply pass by one another on the opposite side of the nucleosome
without any other extraordinary bends of the DNA. CENP-CCD binds near the dyad (Falk
et al., 2015; Kato et al., 2013), and stabilizes the form of the CENP-A nucleosome where
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the CENP-A/CENP-A four-helix bundle is rotated to a conventional shape, and the gyres
of the DNA slide back to the path found in canonical nucleosomes (Fig. 3.3).

Figure 3.3. CENP-A nucleosomes adopt both an altered histone core and DNA wrap
in solution prior to CENP-C binding. (A) Model of the CENP-A nucleosome in solution
prior to CENP-C binding. One chain of each histone (CENP-A, H4, H2A, and H2B) on one
half of the dyad axis of symmetry was fixed, and the other chains (CENP-A’, H4’, H2A’,
and H2B’) were rotated. The DNA contacts to each half of the nucleosome were
maintained, which causes unrealistic bond distances at the dyad site of the nucleosomal
DNA (marked by asterisk; note the break in the continuity of the DNA ribbon diagram). (BD) The CENP-A nucleosome model (black) in solution prior to CENP-C binding
superimposed on the CENP-A nucleosome crystal structure with DNA mutated to match
the sequence used in this study (grey, PDB ID 3AN2; representative of the CENP-A
nucleosome structure upon CENP-C binding). Solid black boxes indicate enlarged regions
where notable histone/DNA movements occur upon CENP-C binding, including rotation
of the CENP-A/CENP-A’ interface outward (B), H2A/H2B dimers moving closer together
(C), and DNA gyre sliding (D). Red arrows indicate the direction of histone/DNA movement
in the CENP-A nucleosome upon CENP-C binding. Only the α1 helices of one H2B subunit
are shown in the enlargement for (C) for ease of viewing.
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Figure 3.4. The four-helix bundle of the heterotetramer exhibits differential rotation
and compaction in the CENP-A/H4 tetramer, CENP-A nucleosome, and H3
nucleosome crystal structures. To illustrate the rotation at the four-helix bundle near
the dyad, the α2 helix (residues 88-112) of CENP-A from the CENP-A nucleosome crystal
structure (PDB ID 3AN2; pink) and the (CENP-A/H4)2 heterotetramer (PDB ID 3NQJ; red)
were overlaid on the α2 helix (residues 86-110) of H3 from a high resolution nucleosome
structure (PDB ID 1KX5; green). All three structures show a different rotation at the fourhelix bundle, most evidently seen when comparing the orientations of the α2' helices. The
α2 helices in the H3 nucleosome crystal structure form the widest angle. Relative to the
H3/H3 orientation, there is an ~8° rotation in the CENP-A nucleosome crystal structure
and an ~12° rotation in the (CENP-A/H4)2 heterotetramer crystal structure, suggesting that
both CENP-A complexes exhibit rotation at the four-helix bundle interface. The rotation in
the structure of the (CENP-A/H4)2 heterotetramer is accompanied by compaction (inward
movements of the heterodimers), shortening the distance between the N-terminal ends of
the α2 helices. Thus, the CENP-A nucleosome crystal structure has a CENP-A/CENP-A
interface that exhibits rotation but not compaction, representing an intermediate structure
between the (CENP-A/H4)2 heterotetramer and the H3 nucleosome crystal structures.
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Figure 3.5. ENA footprinting of nucleosomes reveals stretching at a contact point
with CENP-A/H4. (A) Map of the 5’-fluorescently labeled top strand of the 147-bp αsatellite DNA sequence used in ENA footprinting experiments. Basepair numbering
corresponds to the 5’ (-) to 3’ (+) direction relative to the dyad. The GG dinucleotide
discussed in (C) is boxed. (B) Native PAGE analysis of H3, CENP-A, and CENP-A +
CENP-CCD nucleosomes complexed with (+) or without (-) ENA. Top, ethidum bromide
staining, bottom, coomassie staining. The free DNA template is overrepresented in the
ethidium bromide staining because nucleosomes restrict its intercalation. (C)
Representative image of ENA footprinting results (N=3 independent experiments).
Samples were run on a denaturing PAGE gel against a Maxam-Gilbert purine standard
(marker) that allows for single basepair resolution of relevant regions of the nucleosome.
Colored boxes correspond to the respective line scans for each sample, which highlight
nucleosome protection, and the cleavage patterns at the -14/-15 GG dinucleotide and
DNA termini.
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3.3.3 CENP-A nucleosomes exhibit stretching near the dyad
As seen in our model (Fig. 3.3), DNA compression at the dyad is expected in order
to accommodate the reduced radius of gyration. In addition to compression, kinking and
stretching at histone contact points throughout the nucleosome would also distribute the
changed required by the altered CENP-A nucleosome structural state, as has been well
noted when analyzing canonical nucleosomes crystallized on various DNA sequences
(Ong et al., 2007; Tan and Davey, 2011; Vasudevan et al., 2010). Indeed, independent
evidence of altered DNA conformation in CENP-A nucleosomes is seen by increased
intercalation and reactivity of N-(2,3-epoxypropyl)-1,8-naphthalimide (ENA) at a GG
dinucleotide located 1.5 turns of DNA from the dyad (Fig 3.5). ENA selectively alkylates
guanines, making them prone to thermally induced chemical cleavage and allowing for
footprinting analysis. In all cases, the nucleosome core from the dyad to +40 is protected
from ENA intercalation relative to free DNA (Fig. 3.5C). The -14/-15 GG dinucleotide,
which has been previously shown to be the major site of increased ENA incorporation in
the stretched 145 bp canonical nucleosome (in the context of a palindromic DNA template
with the same sequence as the negative half of our native α-satellite template) (Davey et
al., 2010), shows differential cleavage patterns in H3, CENP-A, and CENP-A + CENP-CCD
nucleosomes (Fig. 3.5C). There is a marked increase in cleavage at this site in the CENPA nucleosome compared to the H3 nucleosome, while the effect in the CENP-A + CENPCCD nucleosome is intermediate between the two. This is likely due in part to the rotation
in the CENP-A nucleosome relative to the H3 nucleosome and the differing local
protein/DNA environment between CENP-A and H3 nucleosomes in this region of the
nucleosome. We conclude that the important DNA stretching in the CENP-A nucleosome
occurs along the surface wrapping the (CENP-A/H4)2 heterotetramer. Finally, the DNA
termini show a similar trend of ENA accessibility as the -14/-15 GG dinucleotide, with an
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intermediate result for CENP-A + CENP-CCD nucleosomes (Fig. 3.5C). While there are no
GG dinucleotides to facilitate ENA intercalation, the more flexible termini (relative to the
dyad) allow for easier ENA alkylation at G mononucleotides. We previously reported that
CENP-CCD binding alters the DNA termini of the CENP-A nucleosome (Falk et al., 2015),
so we interpret these changes in ENA footprinting to indicate that when CENP-CCD binds,
the histone core interactions with the DNA are altered to a structured and rigid state (i.e.
less ENA reactivity) but where the DNA is more easily digested with nuclease and DNA
dimensions are increased as measured by SANS with contrast variation (Falk et al., 2015).

3.4 Discussion
The structural variations of the CENP-A nucleosome and their subsequent
changes upon CENP-C binding provide insight into the basis of epigenetic inheritance of
the centromere, and here we have identified the major change to the path of nucleosomal
DNA and generated a molecular model to integrate past and current data sets from
solution and crystal studies. By altering the nucleosome in this way, CENP-C binding
stabilizes CENP-A nucleosomes at the centromere and helps solidify the foundation of
centromeric chromatin. When CENP-C is removed from centromeres, the stability is
compromised (Falk et al., 2015). Thus, the CENP-A nucleosome structural transition is
intimately linked to its function in epigenetically marking centromere location over the long
timescales that are biologically relevant. Further, our study provides an important example
of how nucleosome shape alteration could be coupled to function for other types of
nucleosomes—either containing canonical or variant histones—in diverse chromatin
contexts.
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3.5 Methods
3.5.1 DNA preparation
Nucleosomal DNA was prepared by ligating oligonucleotides as described
elsewhere (Lee and Lee, 2012). For both DNA1 and DNA2, a 20 base single stranded
DNA linker with biotin at one end was added to a 147 bp human α-satellite sequence
(Harp et al., 1996). Each DNA construct was prepared by ligating 6 oligonucleotides
(Integrated DNA Technologies, Coralville, IA), and both fluorophores are on the forward
strand and attached via a six-carbon linker (Integrated DNA Technologies, Coralville, IA).
The FRET donor (Cy3) is attached at the -33 base in DNA1 and the -43 base in DNA2,
and the FRET acceptor (Cy5) is attached at the +38 base in both DNA constructs.
3.5.2 Protein preparation
Human histones and CENP-A were prepared as described elsewhere (Sekulic et
al., 2010). Recombinant human CENP-CCD consisting of the central domain only (a.a. 426537) was GST-tagged and purified over a GST column followed by PreScission protease
cleavage (GE Healthcare) and ion-exchange chromatography and prepared in a buffer
containing 20 mM Tris pH 7.5, 200 mM NaCl, 0.5 mM EDTA, 1 mM DTT.
3.5.3 Nucleosome reconstitutions
Nucleosomes were reconstituted as described previously (Wei et al., 2015).
Briefly, labeled DNA was mixed with H2A/H2B dimers and (H3/H4)2 or (CENP-A/H4)2
tetramers in a TE buffer (10mM Tris-HCl pH 8.0, and 1mM EDTA) with 2 M NaCl. The
mixture was dialyzed stepwise against TE buffers with 850, 650, 500, and 2.5 mM NaCl
for 1 h each step at 4°C. Nucleosome assembly was assessed with native PAGE and
fluorescence imaging (Typhoon 9410, GE Healthcare). CENP-C was incubated with
CENP-A nucleosomes for 1 h at room temperature and complex formation was confirmed
with native PAGE.
74

3.5.4 Single molecule FRET measurements
Single molecule measurements were carried out as described elsewhere (Lee and
Lee, 2012; Lee et al., 2011). A quartz microscope slide was coated with a 99:1 mixture of
polyethyleneglycol (PEG) and biotin-PEG-silane (Laysan Bio, Arab AL), followed by
incubation with a 100 pM streptavidin solution. Nucleosomes were immobilized on the
slide surface through streptavidin-biotin conjugation and the measurements were
completed within 30 min upon immobilization to avoid nucleosome disassembly.
Fluorescence signals were collected with an electron multiplying CCD camera (EMCCD;
iXon EM+ DU-897, Andor Technology, Belfast, UK) from a home-built prism coupled total
internal reflection fluorescence microscope based on a commercial microscope (TE2000;
Nikon, Tokyo, Japan). The FRET donor was excited with a 532 nm laser (CrystaLaser,
GCL-150-L, Reno NV). The fluorescence signal was separated into two spectral regions,
550-650 and 650-750 nm, for Cy3 and Cy5, respectively, using a dichroic mirror
(650DCXR, Chroma Technology Corp., Bellows Falls, VT) and a filter (HQ650/200m,
Chroma Technology Corp.). The signals from the two fluorophores were collected
simultaneously at a rate of 250 ms/frame. FRET efficiency (ΦFRET) at each time point was
calculated with the formula ΦFRET = Icy5/(Icy3 + Icy5), where I is the signal intensity of the
corresponding fluorophore. Measurements were taken a minimum of 3 times on 3 different
days.
3.5.5 Single molecule FRET analysis
For each nucleosome class (H3, CENP-A, CENP-A bound by CENP-CCD on either
DNA1 or DNA2), the average ΦFRET per trace was calculated for individual nucleosomes
and binned into three groups (low, medium, or high FRET). The FRET efficiency
distribution in each group was plotted as a histogram, which was normalized by the sample
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size. The distribution of the FRET efficiencies in a histogram is due to the Poissonian
fluorescence photon emission statistics (fluorescence intensity fluctuation over time) that
is inherent to any fluorescent signal. The reported uncertainties in the average FRET
values are at a 95% confidence level. Nucleosomes that contained a malfunctioning Cy5
fluorophore or were aggregates (6–21% of the total fluorescent particles in each
experiment) based on multiple photobleaching events were not included in the analysis.
3.5.6 Nucleosome modeling
The molecular model of the CENP-A nucleosome in solution (without CENP-C
bound) was generated using a high-resolution CENP-A nucleosome structure (Tachiwana
et al., 2011) (PDB ID 3AN2) as a starting model. The DNA sequence was modified to
match the DNA sequence that was used in the smFRET experiments, and chains A, B, C,
D and chain I (residues -60 to -1) and J (residues 0 to 60) are moved as a rigid body to
satisfy the rotation between chains A and E observed in the (CENP-A/H4)2 crystal
structure (Sekulic et al., 2010) (PDB ID 3NQJ) and the DNA gyre sliding movements
observed in smFRET between DNA J -33 and +38 (DNA1) and J -43 and +38 (DNA2).
The energy of the final model was minimized using an annealing procedure in the CNS
program (Brunger, 2007).
3.5.7 DNA footprinting with ENA
Reactions were carried out as described (Davey et al., 2010). Briefly, ENA was
added from a 4 mM stock (dissolved in DMSO) at 2:1 or 20:1 molar excess over free DNA
or nucleosome complexes, respectively. All DNA and nucleosome samples were
reconstituted with a 147 bp non-palindromic form of α-satellite DNA sequence (the same
sequence used in our smFRET experiments) that is hexachlorofluorescein (HEX) labeled
at the 5’ end of the top strand only. Samples were incubated overnight at room
temperature shielded from light. After incubation, addition of 4 M NaCl, followed by phenol76

chloroform and subsequent chloroform-only extractions were carried out to remove
unreacted ENA, proteins, and excess phenol. DNA was then ethanol precipitated and
resuspended in 20 µL of TE buffer (10 mM Tris-Cl, 0.1 mM EDTA). Samples were heated
at 95°C for 30 min, followed by addition of 20 µL 1 M piperidine and an additional 30 min
incubation at 95°C to induce chemical cleavage of alkylated guanines. 1.2 mL of butanol
were added to each sample, followed by brief vortexing and centrifugation at 12,000 X g
for 2 min at 4°C. The supernatant was removed, pellets were resuspended in 150 µL 1%
SDS and 1 mL butanol, vortexed briefly, and centrifuged at 12,000 X g for 2 min at room
temperature. The supernatant was discarded and samples were lyophilized for 20 minutes
to remove excess liquid. Samples were resuspended in 10 µL loading buffer (1X TBE [88
mM Tris-borate, 2 mM EDTA], 90% formamide, 0.1% bromophenol blue) boiled at 95°C,
and separated by denaturing PAGE (10% polyacrylamide, 7 M urea, 88 mM Tris–borate,
2 mM EDTA, pH 8.3). Maxam-Gilbert purine sequencing standards were prepared as
previously described (Sambrook and Russell, 2001). Gels were imaged on a Typhoon
9200 imager (GE Healthcare).
3.5.8 Movie construction
Movie segments were made in PyMOL (version 1.7.4, http://www.pymol.org) and
assembled in QuickTime Pro (version 7.6.6).
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Chapter 4: Outlook: the role of DNA sequence in centromere identity

4.1 Introduction
Nucleosome positioning has been a long-studied aspect of chromatin structure and
function. The use of a distinct sequence, such as a well-defined gene or an enhancer
region, provided some of the first insights into the idea that certain DNA sequences are
better than others at wrapping the histone octamer (Clarke et al., 1985; Dong et al., 1990;
Lohr, 1983; Pérez-Ortín et al., 1987). By performing restriction digests on these
sequences, researchers were able to determine the specific positions that the histone
octamer occupies on DNA. Having well-positioned nucleosomes has important
implications for gene regulation and DNA replication. On the other hand, there are
advantages to having sequences that disfavor nucleosome formation as well – for
example, several studies have shown that nucleosomes are depleted at enhancer,
promoter, and terminator regions and poly(dA:dT) tracts (Kunkel and Martinson, 1981;
Weintraub and Groudine, 1976; Wu et al., 1979), allowing transcriptional and regulatory
protein machinery easier access to DNA. However, nucleosomes are the fundamental unit
of chromatin and need to interact with all different types of DNA sequences, so there must
be some amount of plasticity in the rules that govern these interactions. Thus,
understanding

the

rules

for

sequence-dependent

positioning

is

essential

for

understanding how the genome packages and regulates DNA.
It may seem paradoxical to study the role of DNA sequence in defining an
epigenetic locus such as the centromere, but the idea of this exact conundrum – accurately
termed the centromere paradox – has been around for at least 15 years (Eichler, 1999).
Centromeric DNA consists of repetitive satellite repeats in many different species but fails
to contain any conserved motif or defining features (other than being repetitive) and is
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seemingly dispensable for centromere function. This suggest that DNA serves no
functional purpose at the centromere; however, the prevalence of defined sequences for
centromere location, the constant evolutionary arms race between DNA and centromeric
proteins (Henikoff et al., 2001), the importance of heterochromatin in centromere
establishment (Neumann et al. 2007; Volpe et al. 2003), as well as the evidence that there
are discrete patterns in CENP-A location on neocentromeres (Alonso et al., 2007, 2010;
Hasson et al., 2011, 2013) indicate that DNA sequence does in fact contribute to
centromere stability in a manner that is not yet fully understood.
Are there certain intrinsic features of centromeric DNA that make it more amenable
to centromere formation? Or do the number of repeats and/or the organization of
centromeric DNA contribute to centromere stability? Determining whether the quality of
DNA (the intrinsic sequence), the quantity of DNA (the number of repeats), or some
combination of both at the centromere are essential to its function could help us better
understand the centromere paradox. In this chapter, I will first review the intrinsic
properties of DNA sequence that contribute to DNA-histone affinity in the nucleosome. I
will then extend this idea to try and understand the role DNA sequence plays in centromere
identity, and describe the efforts during my Ph.D. to investigate this question.

4.2 What makes a good positioning sequence?
By competing DNA sequences against one another in nucleosome assembly
reactions (see sections 4.2.2 and 4.2.3), the range of affinities for DNA-histone
interactions was measured to be 1,000-fold (Widom, 2001). DNA must bend and stretch
a significant amount in order to wrap the globular shape of the histone octamer.
Researchers initially turned to the physical properties of DNA to investigate if there are
certain features that make it more or less amenable to this required bending and other
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contortions. Several studies have shown that DNA is anisotropic – that is, it is more
energetically favorable to bend in the direction of the major and minor groove, and this
difference in bendability is sequence-dependent (Ulyanov and Zhurkin, 1984; Zhurkin,
1985; Zhurkin et al., 1979). The four major DNA bases (A, C, G, T) fall into two categories:
purines (A, G) that consist of two fused 5- and 6-membered rings, and pyrimidines (C, T),
that consist of a single 6-membered ring. Depending on their location in the major or minor
groove and whether or not they are facing towards or away from the histone octamer,
certain bases are better at accommodating these structural changes based on their
chemical structure. Thus, it becomes evident that certain sequences must be intrinsically
better than others at adapting to the challenges of wrapping a large, globular
macromolecule.
Early analysis of eukaryotic DNA determined that this was in fact the case.
Researchers observed alternating A/T and G/C-rich regions that exist in 10 bp periodicity
throughout the genome, with the A/T pattern offset from the G/C pattern by 5 bp (Fig. 4.1)
(Trifonov and Sussman, 1980). In other words, A/T dinucleotides in the minor groove tend
to face the histone octamer because they are more flexible, while G/C dinucleotides in the
minor groove tend to face away from the histone octamer (Drew and Travers, 1985;
Satchwell et al., 1986; Segal et al., 2006). In addition to these sequence-specific
preferences, the overall easier bendability of certain DNA sequences facilitates
nucleosome formation (Pennings et al., 1989; Travers and Klug, 1987). There are many
intrinsic factors that contribute to the positioning power of a certain DNA sequence – for
an extensive and detailed review, please refer to (Widom, 2001).
4.2.1 Naturally occurring positioning sequences
One of the best known naturally occurring positioning sequence comes from the
5S rRNA gene sequence, which has been shown to position nucleosomes in several
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species (Buttinelli et al., 1993; Dong et al., 1990; Young and Carroll, 1983). MNase
digestion of nucleosomes found on the 5S rRNA gene sequence, either isolated from cells
or reconstituted on a tandem array in vitro using salt dialysis, show distinct bands around
146 bp in a periodic fashion, suggesting well-positioned complexes. The 5S rRNA DNA
sequence has intrinsic curvature and follows the general sequence guidelines of having
A/T dinucleotides present at the minor grooves that face the histone octamer (Buttinelli et
al., 1993; Dong et al., 1990). While the 5S rRNA gene is a good in vivo positioning
sequence, nucleosomes are not perfectly positioned on it – evidenced by the presence of
a small subset of nucleosomes that do not follow a distinct digestion pattern (Buttinelli et
al., 1993; Dong et al., 1990). This is not entirely unsurprising, as nucleosomes need to be
temporarily removed during DNA replication and transcription and so must not be so tightly
wrapped that they pose an energy challenge to the cell. Nevertheless, a tandem array of
12 repeats of the 5S rRNA gene were used to elucidate the mechanism of nucleosome
assembly in vitro using the salt dialysis method (Hansen et al., 1991), proving their worth
as a useful model DNA positioning sequence.
The budding yeast S. cerevisae was the first eukaryotic species to map the position
of nucleosomes genome-wide (Brogaard et al., 2012). This map has provided valuable
insight into the role that defined nucleosome positions play in gene regulation and genome
function. Analysis of the sequences wrapping nucleosomes showed the same trend of A/T
dinucleotides present in the minor groove that faces toward the histone core, while G/C
dinucleotides present when the DNA backbone faces outward. These patterns were again
seen at a 10 bp periodicity, with stronger positioning sequences (i.e. nucleosomes that did
not tend to sample multiple DNA positions) correlating more with these dinucleotide
patterns. Since this discovery, genome-wide maps of nucleosome position in several other
species have been published (Lantermann et al., 2010; Mavrich et al., 2008; Moyle81

Heyrman et al., 2013; Schones et al., 2008) that have furthered our understanding of
transcription factor binding, RNA polymerase activity, and the higher order complexities of
chromatin folding.

Figure 4.1 Illustration of nucleosome sequence preferences. Within the 147bp that
are wrapped around the histone octamer, there is a preference for distinctive dinucleotides that recur periodically at the DNA helical repeat and are known to facilitate the
sharp bending of DNA around the nucleosome. These include ~10-bp periodic AA/TT/TA
dinucleotides that oscillate in phase with each other and out of phase with ~10-bp periodic
GC dinucleotides. The linker regions exhibit a strong preference for sequences that resist
DNA bending and thus disfavor nucleosome formation. Among these poly(dA:dT) tracts
and their variants are most dominant and highly enriched in eukaryotic promoters.
Reproduced from (Struhl and Segal, 2013).
4.2.2 Finding a synthetic positioning sequence
While having well-defined in vivo positioning sequences helps us better
understand the genome, the search for synthetic positioning sequences allows us to
further explore the optimal DNA-histone interactions that may not otherwise be possible
in vivo. Having a perfectly positioned nucleosome may seem like a good idea, but it
prevents a major physical and energetic roadblock for replication and transcriptional
machinery, as well as diminishing the plasticity of chromatin architecture. This makes it
difficult to search for the perfect positioning sequence in vivo. However, the use of a strong
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positioning sequence for in vitro experiments has several benefits, such as facilitating
reproducibility and providing an easy and universal template for nucleosome positioning
and chromatin remodeling studies.
The design of artificial positioning sequences began by using the rules derived
from in vivo sequences (Shrader and Crothers, 1989). From this, researchers were able
to design sequences that were 100-fold better than bulk DNA at positioning nucleosomes,
but weren’t all that much better than some of the best naturally occurring sequences. Then,
in 1998, Lowary and Widom utilized an elegant approach to search for positioning
sequences that were even better than the best in vivo ones (Lowary and Widom, 1998).
They took advantage of a technique known as Systematic Evolution of Ligands by
Exponentional Enrichment (SELEX), which is commonly used to determine high-affinity
binding sites for DNA-binding proteins and/or to evolve aptamers to become tighter binds
for their target ligands. In this case, the authors started with a large (5x1012) pool of unique
DNA sequences and set up nucleosome reconstitutions using a limited amount of histones
(10:1 DNA:histone octamer ratio). This method allowed for only the top 10% of DNA
sequences to successfully form nucleosomes, which were separated from the unused
DNA via chromatography. The DNA from the “winners” – the sequences that successfully
formed nucleosomes – were purified, amplified, and used in a second round of selection
following the same limiting histone guidelines. This method was repeated several times
until only a small subset of sequences emerged victorious.
By analyzing and comparing these sequences, the authors found shared
characteristics that contributed to this great positioning power. In addition to the previously
described A/T and C/G dinucleotide patterns from in vivo studies (Trifonov and Sussman,
1980), Lowary and Widom also observed a marked degree of intrinsic bendability, the
presence of TA dinucleotides at distinct locations along the DNA sequence, and non83

random distributions of mono, di, and trinucleotides (Lowary and Widom, 1998). The
sequence that contained the best components of these characteristics was clone number
601, and is thus referred to as the “601” sequence – still the best known positioning
sequence to this day. The crystal structure of a canonical nucleosome containing the 601
positioning sequence reveals why it is so good at what it does – it has extremely flexible
dinucleotides contacting the histone octamer at the positions that contribute the most to
DNA superhelix formation (Vasudevan et al., 2010).
4.2.3 Determining sequence affinity
With an arsenal of both natural and synthetic positioning sequences, researchers
set out to compare these sequences to each other to determine a hierarchy of affinity.
Several variations on a nucleosome reconstitution assay were set up that compete a
labeled DNA sequence against a pool of unlabeled competitor sequences in excess of the
histone octamer (Shrader and Crothers, 1989, 1990; Thåström et al., 2004). There are
two important considerations for these experiments. The first is that the binding affinities
measured are all relative – that is to say, all of the measured affinities are compared to a
reference sequence of the experimenter’s choosing (often times the 5S rRNA gene). The
second consideration, which should be true for all experiments trying to measure binding
affinity, is that the reaction takes place at equilibrium. DNA-histone interactions are
incredibly salt-dependent, as DNA is highly negatively charged and histones are highly
positively charged, so increasing the amount of salt ions in solution disfavors the
interaction of DNA with histone (Widom, 1999). By starting out at a high salt concentration,
histones have the ability to sample multiple DNA sequences without becoming kinetically
trapped on the closest sequence available. By slowly lowering the salt concentration, the
kinetics of histone-DNA interactions slow down, and thermodynamic properties of DNAhistone interactions take over. Without this precaution, nucleosome formation would be
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dependent only on the availability of two oppositely charged molecules to interact in a lowsalt state without any regard for the intrinsic affinity the DNA sequence may have for the
histone octamer. It is unclear if we can really say that the system is truly at equilibrium,
because many of the components of the system are not able to freely exchange at the low
salt concentrations required for final nucleosome formation. Thus, the measurements
made in these experiments apply only to salt concentrations that facilitate initial (H3/H4)2
heterotetramer binding and do not apply to nucleosome formation under physiological
conditions in a living cell (Drew, 1991). Nevertheless, researchers have determined the
relative affinities of several DNA sequences using this approach, including the synthetic
601 positioning sequence and the naturally occurring 5S rRNA gene (Table 4.1) (Thåström
et al., 2004).
DNA sequence
∆∆G°, kcal mol-1
Lowest affinity non-natural DNA
+1.22 ± 0.10
Chicken genomic DNA
+0.55 ± 0.03
Chemically synthetic DNA
+0.5 ± 0.13
5S RNA gene
+0.00
Highest affinity mouse DNA
-1.82 ± 0.29
601 synthetic DNA
-2.9 ± 0.14
Table 4.1. Relative free energies (affinities) of published nucleosome positioning
sequences. 5S RNA gene is used as the standard and all affinities are measured relative
to this molecule. The lowest affinity non-natural DNA refers to a sequence selected using
the same SELEX approach used by (Lowary and Widom, 1998) but choosing sequences
that do not form nucleosomes (Cao et al., 1998), while chemically synthetic DNA refers to
the first-round pool of DNA sequences from (Lowary and Widom, 1998). Adapted from
(Thåström et al., 2004).

While many measurements have been carried out using the competition assays
outlined above, additional techniques have been used to measure histone-DNA affinity
(Andrews and Luger, 2011; Andrews et al., 2008). These approaches use FRET and/or a
change in fluorescence of a fluorophore to measure histone interactions with DNA, but
often use an intermediate interaction, such as one with a histone chaperone, to allow for
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easier measurements at physiological salt concentrations. The currently reported value
for (H3/H4)2 heterotetramer affinity to DNA in physiological or near-physiological salt
concentration is ~1 nM (Andrews and Luger, 2011; Andrews et al., 2008). While these
methods have provided an estimate for histone (H3/H4)2 heterotetramer-DNA affinity, they
have really only been performed by one lab and use an intermediate interaction involving
a histone chaperone as a readout for affinity. In the one case where there is a direct
interaction between histone and DNA (Andrews et al., 2008), the change in fluorescence
of a modified (H3/H4)2 heterotetramer [H3/H4(E63C)2-Alexa-488] was monitored to
indicate binding. The location of the fluorophore in the α2 helix of H4 makes it difficult to
assess whether a change in fluorescence is a direct result of binding or if a changing
chemical environment is convoluting the readout. This, in conjunction with the previous
assay where the readout is not a result of a direct interaction, makes these methods less
desirable for determining accurate binding affinities.

4.3 Searching for a sequence-dependent role in centromere identity
Based on the extensive research done regarding positioning in canonical
nucleosomes, it seemed logical to extend this analysis to nucleosomes containing histone
variants. In fact, nucleosome positioning in other histone variants has already been
explored, including a study on the H2A variant H2A.Z (Albert et al., 2007). Since we study
a histone H3 variant that plays such an essential role in cell viability, understanding the
role DNA sequence has in centromere stability and function is an important avenue of
research. I became interested in determining the affinities of DNA sequences at both
endogenous and neocentromeres. Are there different rules that govern H3 and CENP-A
nucleosome formation? How do centromeric sequences from endogenous and
neocentromeres compare? Are there certain sequences that are better at forming CENP86

A nucleosomes than others, and are these rules specific to CENP-A or just an extension
of what we already know about canonical nucleosome positioning? These are just a few
of the many questions that can guide a fascinating study on the intrinsic sequence
properties of the centromere.
4.3.1 What can we learn from high resolution CENP-A positioning data?
Several studies exist that looks at CENP-A positioning in human neocentromeres
and endogenous plant centromeres (Alonso et al., 2007, 2010; Hasson et al., 2011; Zhang
et al., 2013). While the plant study performed ChIP-seq on CenH3 nucleosomes (Zhang
et al., 2013), allowing for precise mapping, the human neocentromere studies performed
ChIP followed by microarray analysis, limiting the resolution of their results (Alonso et al.,
2007, 2010; Hasson et al., 2011). In 2013, our lab published a study that provided the first
high resolution ChIP-seq data in human on both endogenous centromeres housed on
repetitive α-satellite DNA and neocentromeres housed on more complex DNA (Hasson et
al., 2013). In the case of endogenous centromeres, much is already known about the
repetitive α-satellite DNA sequence (see Chapter 1). In addition, it is difficult to precisely
map repetitive elements back to a reference genome, so the information obtained in this
study is relevant only to a 171 bp consensus sequence (Waye and Willard, 1987).
However, the data still allowed for an understanding of the positioning of CENP-A
nucleosomes at centromeres and the role of the CENP-B box in this phasing.
When it came to analyze the precise mapping of CENP-A at neocentromeres, the
results were incredibly intriguing. The authors looked at three different neocentromere
lines – PDNC4, MS4221, and IMS13q – which all contain a neocentromere on one copy
of chromosome 4, 8, and 11, respectively (Hasson et al., 2013). While the neocentromere
DNA sequence coordinates are known and the general location of CENP-A molecules had
been visualized by ChIP-chip for some of these neocentromeres (Alonso et al., 2007,
87

2010; Hasson et al., 2011), the exact locations of CENP-A nucleosomes were unknown.
Surprisingly, CENP-A nucleosomes did not occupy the entire genomic location on any of
the neocentromere loci, but existed in defined “peaks” and “valleys” along the DNA (Fig.
4.2) (Hasson et al., 2013). This data alluded to the idea that perhaps certain DNA
sequences at these neocentromeres were better at forming CENP-A nucleosomes
(peaks), while others were less favorable or even disfavoring CENP-A nucleosome
formation (valleys).

Figure 4.2. CENP-A nucleosomes localize to prominent positions on
neocentromeres. (a–c) Bowtie- mapped paired-end CENP-A native ChIP-seq reads in
three different human neocentromere- containing cell lines (PDNC4, MS4221 and
IMS13q; ideograms, top) demonstrate the specificity of CENP-A native ChIP. The IMS13q
neocentromere was formed on an aberrant chromosome with an inversion duplication.
The MS4221 neocentromere contains repetitive DNA denoted by dotted lines with
strikethrough. Mb, megabase. Reproduced from (Hasson et al., 2013).

Because the reads obtained from these experiments were paired end, they allowed
for precise mapping of CENP-A location on these DNA sequences. However, the amount
of information contained within these reads extends far beyond where they map to the
genome. In the case of endogenous centromeres, precise mapping of CENP-A
nucleosomes allows us to determine where exactly on the 171 bp consensus sequence
CENP-A is located. Indeed, the 2013 study identified a preferred location on α-satellite
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DNA, and while this site was certainly enriched for CENP-A nucleosomes, canonical H3
nucleosomes that mapped to the centromere preferred the same position (Hasson et al.,
2013). Interestingly, while both CENP-A and H3 map to the same position, the length of
DNA wrapping CENP-A was much shorter (100-120 bp) than H3 nucleosomes (140-150
bp), suggesting a functional role for DNA termini unwrapping (Falk et al., 2015). While
there may not be any sequence determinants specific to CENP-A nucleosomes in αsatellite DNA based on this analysis, the comparison of H3- and CENP-A-specific reads
still elucidated an important feature of the CENP-A-DNA interaction that is functionally
important for centromeres.
The paired-end data for neocentromeres provides for a much greater array of
sequence analysis. Neocentromeres tend to form on complex DNA, allowing them to be
mapped back to the genome (as seen in Fig. 4.2) and mined for any interesting or pertinent
motifs that may contribute to higher CENP-A affinity. With precisely mapped data for three
different neocentromeres, we have the ability to take these sequences and analyze them
to determine if certain patterns emerge. There are many avenues this analysis can take
us down, but I will only mention a few of the most pressing questions. By comparing all of
these sequences, can we determine motifs that facilitate nucleosome formation at the
centromere? Are they specific to CENP-A, or are they an extension of known positioning
rules of canonical histones? How do neocentromere sequences compare to endogenous
α-satellite sequences? Are there any similarities between the two? Do α-satellite
sequences have a stronger affinity for CENP-A than neocentromere sequences, providing
insight into why centromeres normally form on repetitive DNA? In the case that any rules
for CENP-A affinity emerge from this type of analysis, we would want a way to directly test
these predictions. Many of these methods already exist, including nucleosome
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reconstitution assays and standard binding affinity measurements, and are discussed in
the ensuing sections.
4.3.2 Competition assays
Because competition assays have yielded the majority of information we know on
nucleosome affinity measurements, it was the first approach I considered. However,
instead of using a single radiolabeled DNA sequence against a pool of unlabeled
competitors, I used two DNA sequences, one labeled with AlexaFluor 555 (AF555, green)
and one labeled with AlexaFluor 647 (AF647, red), in pairwise competition assays. By
using a dual-labeled approach, I am able to make a simultaneous comparison of two
distinct sequences, thereby doubling the amount of information obtained from a single
experiment. In all experiments, equimolar amounts of both DNAs were used in excess
over histone octamer and nucleosomes were reconstituted using the salt dialysis method
(Dyer et al., 2004), ensuring equilibrium. For optimizing this method, I mainly focused on
the synthetic 601 sequence (601), the 5S rRNA sequence (5S), and an α-satellite DNA
sequence derived from human chromosome X (Bunick) (Harp et al., 1996). The previously
published data on the affinities of 601 and 5S sequences (Thåström et al., 2004), in
conjunction with a known centromere binding sequence, would allow me to ensure the
assay was working properly and test a centromeric sequence to see if it did in fact have a
higher affinity for CENP-A over H3. Once this was in place, I could extend this assay to
look at neocentromere sequences and test some of the best-predicted neocentromere
sequences that could come out of our analysis of the ChIP-seq data.
The first round of experiments were done using an excess of DNA and an
increasing amount of histone octamer (ratios ranged from 16:1 to 2:1 DNA:histone
octamer), which was based off a pairwise competition experiment done between fission
yeast centromeric DNA and the 601 sequence using the CENP-A histone octamer (Xiao
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et al., 2011). I initially only used H3 and competed 601 against either the 5S or Bunick
sequence, to ensure the assay could work. 601 was the clear winner in all competitions,
so the experimental technique seemed promising. The next time around, I used both H3
and CENP-A histones, and competed the 5S sequence against Bunick in both cases. By
using 5S, which is not as strong as the 601 sequence (see Table 4.1), I hoped to see more
competition occurring. The results of this experiment can be seen in Fig. 4.3, which show
that in both cases 5S is the clear winner. However, it was interesting to note even though
5S outcompeted Bunick, the CENP-A samples seemed to incorporate more Bunick DNA
compared to the H3 samples. This was exciting to us, because it suggested that CENP-A
could have a stronger preference for centromeric DNA than H3. I continued competing
these 3 sequences both on H3 and CENP-A, eventually switching to a fixed DNA:histone
octamer ratio of 4:1 to reduce complexity of the experiment, increase nucleosome signal
in the gels, and to be able to run triplicates of samples in a single experiment. While some
of these results were encouraging, there were some challenges involved and confounding
results. For one, the fluorescence absorption and emission of the two fluorophores are
limited to the lasers (532 nm and 633 nm) and filter combinations present in the imager,
respectively (Typhoon 9200, GE Healthcare). In the case of our two fluorophores, the
combination of laser/emission filters was more optimal for one fluorophore (AF555) over
the other (AF647). While we can attempt to correct for this discrepancy, it was introducing
bias into our quantification, leading to conflicting results where one sequence would be
the winner in the green channel and the loser in the red channel, or the order of magnitude
that one sequence won the competition over the other was not the same between
channels. It seemed that the only reliable sequence was 601, which yielded a ∆∆G° value
(relative to 5S DNA) of -2.48 kcal/mol in the green channel and -3.0 kcal/mol in the red
channel, similar to what has been published (see Table 4.1). However, this still had the
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color-specific discrepancy of 0.5 kcal/mol, and has the advantage of being such a strong
positioning sequence – trying to determine differences in two sequences with closer
affinity could prove to be more challenging.
At the time, I was having trouble ironing out the best method of quantification to
ensure accurate and reproducible results. In addition, competition assays only provide us
with relative binding affinities and may not be reflective of true thermodynamic equilibrium
(Drew, 1991) so we decided it might be better to attempt to measure absolute binding
affinities. However, despite these limitations, if we learn more about the centromerespecific DNA binding affinities from some of the assays described below and optimize the
competition approach further, it could prove to be a valuable and informative
complementary experiment.

Figure 4.3. Competition between 5S and Bunick DNA sequences in H3 and CENP-A
nucleosome reconstitutions. Equimolar amounts of each fluorescently labeled DNA
were kept in excess and histone octamer was titrated in at 1:16, 1:8, and 1:4 ratios.
Regardless of which fluorophore label was used, 5S DNA wins the competition assay over
Bunick in both H3 and CENP-A nucleosomes. However, the CENP-A nucleosomes
appear to incorporate more Bunick DNA when compared to their H3 counterparts.
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4.3.3 Fluorescence polarization approach
From the somewhat puzzling results of the competition assays, I sought an
independent method to determine absolute binding affinity. I decided to use an approach
that uses a reversible binding assay that produces a binding curve and allows for
determination of the dissociation constant, Kd. The mathematics and theory behind
reversible binding assays to measure binding affinity are described elsewhere (Hulme and
Trevethick, 2010). Briefly, the binding affinity between two macromolecules can be
determined by holding the concentration of one component, which is usually fluorescently
labeled, constant while the other component is titrated across a range of concentrations
to generate a binding curve. Binding between the two components is measured as a
change in some component of the system; for example, fluorescence, polarization, or
temperature. In these types of experiments, a more accurate absolute affinity can be
determined, in contrast to the relative affinities determined from competition assays.
There are three important aspects to consider in any binding affinity calculation.
These are the Kd of the purported interaction, the fixed concentration of the labeled
molecule, and the range of concentrations titrated. These are all intimately tied to each
other in order to carry out an experiment that is as informative as possible. In the case of
the fixed concentration of the labeled molecule, it is essential to make sure it is below or
close to the Kd of the interaction. If the concentration is above the Kd, then all of the ligand
titrated in will be immediately bound and saturation will be reached far earlier than is useful
for obtaining any information. Of course, there may be no prior estimate to the Kd of
interest, so in that case a range of fixed concentrations should be tested. When titrating
concentrations of the unlabeled component, it is best to cover 4 orders of magnitude to
ensure that all binding states are captured and that saturation is reached.
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A commonly used technique for determining binding interactions is measuring the
change in fluorescence polarization as a ligand binds to its substrate (Lundblad et al.,
1996). When hitting a fluorescently labeled ligand with polarized light, the degree of
polarized emission is dependent on the rotation of the ligand in solution. If the ligand is
freely rotating in solution, there are more opportunities for randomized emission, leading
to lower polarization. As the ligand binds more of its substrate, the subsequent increase
in size and altered shape slows down rotation and leads to an increase in polarized
emission. By measuring the change in polarization over a series of concentrations, one
can determine the binding affinity of an interaction. The change in polarization is
dependent on the initial polarization of the macromolecules, which can be estimated using
the Perrin equation (Lakowicz, 2006). Therefore, it is important to set up a system that
exploits the maximal change in polarization possible. In addition, since the location of the
fluorophore on the histone (H3/H4)2 heterotetramer is more likely to be influenced by local
environmental factors, we decided to use fluorescently labeled DNA at the 5’ end. While
fluorophores are certainly capable of interacting with DNA, coupling a fluorophore to the
5’ end via a linker reduces the possibility of interference, making this approach more
appealing than the one used in (Andrews et al., 2008).
A few different approaches to these polarization assays were attempted. First, I
tried conducting experiments in a 96-well plate and using a plate reader to measure
polarization. I worked with 195 bp DNA and histone tetramer. Using 195 bp DNA is not
ideal, since it has a higher baseline polarization due to its larger size, but it was worth a
shot to see if there were any differences in binding. I initially tried complexing a fixed
amount of (H3/H4)2 heterotetramer with a fixed amount of either 195 bp Bunick or 601
DNA labeled at the 5’ end with AF555, to see if the assay would work. There was an
increase in polarization when histone tetramer was complexed with DNA and this change
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in polarization was greater for 601, suggesting that this assay could tell us something
about binding affinity. However, after running a few more experiments with the appropriate
controls, we noted that the buffer alone was contributing a large amount of background
fluorescence and polarization, and the signal-to-noise ratio was suboptimal. After working
with different plates, buffer conditions, and contacting the company, these problems were
not solved, so we moved onto using a T-shaped fluorimeter that could measure
polarization. Here titration experiments were set up using a fixed DNA concentration and
varying amounts of histone tetramer, but because of the nature of the fluorimeter, each
sample was prepared in triplicate in a separate tube and measured individually. 195 bp
AF555 labeled 601 DNA was held constant at 100 nM for the entire binding curve, titrating
(H3/H4)2 heterotetramer over a 400-fold range of concentrations (~1 nM to 4096 nM).
While an increase in polarization was seen with increasing amounts of histone tetramer,
the individual data points were very noisy, and the binding did not appear to reach
saturation, possibly due to stickiness. Saturation would have been expected, given the
experimental conditions and taking into account the previously reported Kd values for
histone-DNA interactions (Andrews and Luger, 2011; Andrews et al., 2008).
Based on these results, we moved to a system where we looked at the interaction
between both the histone (H3/H4)2 and (CENP-A/H4)2 heterotetramers and a 111 bp piece
of DNA. There are several reasons to use this approach. First, the histone (H3/H4)2
heterotetramer, as well as the (CENP-A/H4)2 heterotetramer, have been shown to be the
determining factor in positioning the nucleosome on DNA (Dong and van Holde, 1991;
Panchenko et al., 2011) – once it binds, the presence (or absence) of H2A/H2B dimers
does not change this. The histone heteroteramer can become kinetically trapped on DNA
if proper precautions are not taken, so it is essential to perform these experiments at either
a high enough salt concentration where free exchange is possible, or in a manner where
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salt concentration is slowly lowered so the system can reach equilibrium. In either case,
this will be an accurate measurement of the heteroteramer-DNA interaction, and will not
be convoluted by any concerns that the system is not at true equilibrium. Second, not
using H2A/H2B dimers removes a level of complexity from the experiment. Third, the
amount of DNA required to wrap the histone tetramer is less (~73 bp) than for a full
octamer (Dong and van Holde, 1991), allowing for a smaller labeled molecule in the assay
and thus a greater change in polarization. Fourth, using a longer piece of DNA (i.e. 195
bp) has the potential for more than one histone tetramer to bind, complicating the binding
affinity calculations. We were able to use a fluorimeter that allowed for titrating histone
tetramer directly in the same cuvette as the fixed concentration DNA, eliminating the
problems with the previous approach, where each data point needed to be prepared
individually. An example of one of these experiments, seen in Fig. 4.4, demonstrates that
the results of these experiments were the most promising – the binding curves reach
saturation and are, for the most part, reproducible. However, there were still discrepancies
in the Kd values when we performed this experiment with the 601 sequence that did not fit
with what we would expect based on the extensive research done using this sequence in
other competition and binding assays, as well as the higher than expected Kd values we
were getting on the Bunick sequence. The system is working at a basic level, but certain
conditions and details need to be optimized and confirmed before moving forward with this
approach.
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Figure 4.4. Titration curves for (H3/H4)2 and (CENP-A/H4)2 heterotetramers on
human α-satellite (Bunick) DNA at 1 M NaCl. Each symbol represents an independent
experiment performed on the same day. DNA was labeled with AF647 at the 5’ end and
held at a constant concentration of 100 nM. Heterotetramer was titrated from a range of
35 nM to 1460 nM. Each curve was normalized to the highest FP value for ease of
comparison. Apparent Kd values are in 200-300 nM range.

In each iteration of polarization experiments, we learned something about how to
set up the reversible binding curves, and this has provided us with the most optimal set of
histone-DNA parameters to use. However, while not discussed in detail, one important
consideration in all of these experiments is the buffer composition. As discussed in Section
4.2.3, the salt concentration is an important factor in these experiments due to the nature
of histone-DNA interactions. In addition, histones are particularly sticky, due to them being
highly charged, so the addition of detergents or other stabilizing molecules such as BSA
to buffers needs to be considered. Therefore, while many of these approaches yielded
promising yet sometimes confusing results, the biggest challenge in any of these
experiments is finding the ideal buffer conditions that allow for thermodynamically-based
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histone-DNA interactions and preventing non-specific sticking of histones to the
experimental equipment, thus changing the effective concentration of tetramer and
throwing off the titration curve. Once an ideal buffer composition has been tested and
verified to yield results that agree with the extensive existing literature on some of the beststudied positioning sequences, then a subset of these polarization approaches can be
used with confidence that we are measuring true binding interactions.
4.3.4 Thermophoresis approach
The use of thermophoresis to measure binding affinity has recently reached a new
level of popularity due to the increasing availability of technology that can exploit this
approach on a microscale (Wienken et al., 2010). So-called microscale thermophoresis
has been developed by the company NanoTemper, and occurs when molecules move in
response to a microscopic temperature gradient. By binding to another molecule, the
properties of the newly formed complex change and respond differently to the temperature
gradient, resulting in a relative change along the gradient that can be translated to a
binding

curve

(a

detailed

description

of

the

technique

can

be

found

at

http://www.nanotemper-technologies.com/technologies/mst-technology/). Currently, we
have switched to using thermophoresis as a method to determine binding affinities of DNA
sequences in vitro. There are several reasons for this. One, we are able to measure
binding affinities in the pM range, because we recently purchased an instrument from
NanoTemper (Monolith NT.115Pico) to perform these experiments in our laboratory. This
is an important feature, because we are already expecting Kd values in the 1 nM range for
histone-DNA interactions, meaning we are well above the limit of detection of binding in
our system (Andrews and Luger, 2011; Andrews et al., 2008). Being able to perform
measurements in the low pM range will allow us to determine subtle differences in
sequence affinities in the high pM/low nM range with higher confidence, and perform
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measurements in buffer conditions that mimic physiological salt concentrations. Two, the
amount of material needed to complete these experiments is far less than any of the other
methods attempted so far. Three, the amount of time to complete these experiments is far
less than the successful polarization attempts outlined in section 4.3.2 (in theory, using a
plate reader would take a similar, if not less, amount of time, but requires more material).
We have conducted two rounds of preliminary experiments using this machine,
with promising results, but results that still needed optimization. These two sets of
measurements on the instrument were conducted during demos, so we were limited in the
amount of time we could collect data. However, now that we are in possession of our own
machine, we can spend the necessary time optimizing buffer conditions to reconcile the
complicated salt-dependence of histone-DNA interactions and the general stickiness of
histones. The ability to test up to 16 different sample conditions at once, with an almostimmediate turnover for data readout, makes this technique the most ideal for optimization
and moving forward. Once these conditions are determined, an entire binding curve can
be measured in ~30 minutes using very small quantities (1-50 µg) of DNA and protein.
4.3.5 Outlook on centromere-specific DNA binding affinity
My preliminary investigations into the role of DNA sequence in centromere identity
have set the groundwork for a fascinating study into the intrinsic properties of centromeric
DNA. Eventually, we will be able determine binding affinities for DNA sequences found at
both endogenous and neocentromeres. Will there be specific rules or codes in DNA
sequence that preferentially associate with CENP-A nucleosomes? Will these sequences
be better at binding CENP-A than H3? Either result is interesting in its own right and will
greatly expand our understanding of the role of DNA sequence in centromere function. In
addition, the absolute binding affinities of DNA with both conventional and variant histones
have yet to be explored at a detailed level, so obtaining these measurements using the
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cutting-edge technology of microscale thermophoresis will be an advance for the entire
chromatin field. While much work still needs to be done, the initial survey of techniques
and troubleshooting and optimization for the nuanced interactions between histones and
DNA have provided the foundation for this study and will certainly facilitate the next round
of experiments.

4.4 The role of minor satellite DNA sequence in mouse centromere strength
4.4.1 Introduction
While there is still much to explore in the realm of in vitro binding affinities of
centromere-specific DNA, in vivo studies of DNA sequence can also help us learn about
the intrinsic properties of the centromere. DNA-histone interactions are governed by the
quality of DNA, that is, how the sequence of DNA contributes to affinity. However, the
quantity of DNA at the centromere may also play an important role in centromere identity,
because the proper amount of centromeric chromatin needs to be present to ensure a
functioning centromere. Here, I discuss a collaborative project with Mike Lampson’s lab at
the University of Pennsylvania that addresses this question and its role in meiotic drive in
different mouse species and subspecies.
4.4.2 The mouse centromere
Most mouse chromosomes are acrocentric, meaning their centromeres are located
proximal to the telomeres, with some amount of intervening repetitive sequence between
the two (Piálek et al., 2005). There are two DNA components to mouse centromeres: major
satellite and minor satellite DNA. Major satellite DNA makes up the pericentromere and is
characterized by distinct histone modifications (Joseph et al., 1989; Lehnertz et al., 2003;
Martens et al., 2005; Vissel and Choo, 1989). The underlying sequence is compromised
of a 234 bp tandem repeat that is highly conserved both intra- and inter-chromosomally –
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sequences generally deviate by only 4-10% (Hörz and Altenburger, 1981; Vissel and
Choo, 1989). Major satellite DNA makes up ~3-4% of the entire mouse genome (Chinwalla
et al., 2002; Hörz and Altenburger, 1981).
Minor satellite DNA is the site of CENP-A protein deposition and kinetochore
formation and thus the major site of constriction on the mouse chromosome (Guenatri et
al., 2004; Kipling et al., 1991; Wong and Rattner, 1988). Minor satellite DNA consists of a
tandemly repeated 120-bp consensus sequence (Wong and Rattner, 1988) that contains
a CENP-B box, the 17-bp motif that allows for binding of CENP-B (Masumoto et al., 1989).
Minor satellite DNA is also highly conserved and makes up 10-20-fold less of the genome
than major satellite DNA (Chinwalla et al., 2002). Minor satellite is related to major satellite
DNA, as they share 80-83% sequence similarity, but a key difference is that major satellite
does not contain a CENP-B box (Wong and Rattner, 1988). CENP-A is restricted to minor
satellite DNA as seen by IF-FISH (Guenatri et al., 2004), but its precise location on minor
satellite repeats has yet to be mapped.
4.4.3 Meiotic drive in mice
As discussed in Chapter 1, meiotic drive is governed by the centromere and an
important factor in speciation. And as mentioned in the previous section, many mouse
species are acrocentric, meaning their centromeres are located proximal to telomeres.
Interestingly, the western house mouse (M. musculus domesticus) contains several
subspecies with fixed karyotypes that contain several metacentric chromosomes. These
metacentric chromosomes come about by Robertsonian fusions, when two acrocentric
chromosomes fuse together (Garagna et al., 2014). Fusions are facilitated by the highly
repetitive nature of the minor satellite DNA sequence (Garagna et al., 2014; Kalitsis et al.,
2006), and result in metacentric chromosomes that follow a similar major and minor
satellite arrangement at the centromere (Garagna et al., 1993, 1995). These metacentric
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karyotypes lead to abnormal pairings of chromosomes during meiosis when paired with
an all acrocentric karyotype, which can lead to sterility, thus driving reproductive isolation
and speciation. With so many different subspecies existing with a range of karyotypes and
acrocentric versus metacentric chromosomes, the western house mouse has become a
great model organism to study the molecular basis of speciation.
4.4.4 Meiotic drive and centromere strength
While investigating meiotic drive in mice, a former graduate student, Lukas
Chmátal, published a very interesting study that outlined the role of centromere strength
in this phenomenon (Chmátal et al., 2014). His work showed that differences in
centromere strength predicted the direction of meiotic drive in both laboratory and wild
mouse strains. Strong centromeres are defined by having more kinetochore proteins,
altered microtubule interactions and are preferentially retained in the egg during meiosis.
Within these different mouse strains, some contains only acrocentric chromosomes, while
some contained a combination of metacentric (fused) and acrocentric chromosomes. In
the case where mice have all acrocentric chromosomes, their centromeres were identified
as strong, and thus any fused chromosomes were not retained in the egg. However, in
the mice with a fixed karyotype containing metacentric chromosomes, their centromeres
were considered weak. Thus, in the case of a mouse strain with metacentric
chromosomes, this likely occurred because fusing two chromosomes increased the
strength of the centromere (Fig. 4.5). These results were incredibly exciting, because they
suggested a role of centromere strength in meiotic drive, but the molecular mechanism of
this phenomenon was not defined in this study.
If we take a step back and think about this at a more basic level, understanding
centromere strength in these mice will get at the question of centromeric DNA quantity.
While the first half of this chapter addresses the quality of DNA sequences and how that
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might factor into centromere function, the affinity of DNA for CENP-A becomes pointless
if there aren’t enough DNA sequences to form a centromere in the first place. It is equally
important to understand if the amount of centromeric DNA sets a threshold for maintaining
a functional centromere, and how the properties of the centromere change if this number
is altered.

Figure 4.5. Model for meiotic drive of Rb fusions. In populations with strong
centromeres, fusions that arise spontaneously (red chromosomes) tend to have weaker
centromeres than the homologous telocentrics and therefore preferentially segregate to
the polar body. In populations with weak centromeres, fusions tend to be relatively strong
and are preferentially retained in the egg. Reproduced from (Chmátal et al., 2014).
4.4.5 Preliminary results
Building off of the work published in (Chmátal et al., 2014), myself and members
of the Lampson lab sought to determine the molecular basis of centromere strength in
different mouse strains. Given that centromeres form on minor satellite DNA in mouse, we
hypothesized that the quality (DNA sequence), the quantity (the number of minor satellite
repeats), or some variation of both, contributes to centromere strength. We focused on
four mouse species and subspecies, either C57BL/6 (a subspecies of M. musculus
domesticus, referred to as BL6) or CF-1 (a subspecies of M. musculus domesticus,
referred to as CF1), two completely acrocentric strains with strong centromeres,
Zalende/EiJ (a subspecies of M. musculus domesticus, referred to as CHPO), a wild103

derived inbred strain that contains 7 metacentric chromosomes with weak centromeres,
and M. caroli (Caroli), a different species of mouse with all acrocentric chromosomes,
weak centromeres, and known to contain variant minor satellite DNA (Kipling et al., 1995).
Based on this information, we expected BL6 to contain more minor satellite DNA than
CHPO, with the possibility that CHPO contains a variant set of minor satellite sequences.
Caroli is interesting, because it was classified as a weak centromere in (Chmátal et al.,
2014), but has known minor satellite sequence divergence, which may be a contributing
factor.
To get at this question, we took several approaches. Lukas performed CENP-B
staining in BL6, CF1, and CHPO mouse oocytes and showed that CHPO contained far
less CENP-B than the two strong centromere mouse strains. CENP-B binds to minor
satellite DNA, so this is suggestive of a difference in minor satellite DNA between two two
types (strong versus weak) of centromeres. A postdoctoral fellow in the lab, Aiko IwataOtsubo, performed FISH with probes specific to minor and major satellite repeats in BL6
and CHPO cell lines. For the minor satellite probes, the signals were much weaker in the
CHPO cells compared to the BL6 cells, while the major satellite probes had similar
intensities between the two mouse strains. Finally, I prepared paired end, whole genome
libraries from chromatin isolated from BL6, CHPO, and Caroli primary lung fibroblasts. By
performing an MNase digestion and carefully size selecting the material, I enriched for
mononucleosomes. These libraries were sequenced on a NextSeq500 and run through
an analytical pipeline developed in (Hasson et al., 2013). Briefly, once the paired end
reads from the whole genome libraries were processed and joined together, they could be
aligned to a consensus sequence with user-defined stringency values to determine what
percentage of the genome aligned to the sequence of interest. This was done for all three
mouse strains, aligning the whole genome reads to the major satellite consensus
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sequence, the minor satellite consensus sequence, and the two published divergent Caroli
sequences with a stringency cut-off of 90%. 90% was chosen due to the high sequence
similarity (80-83%) of major and minor satellite DNA (Wong and Rattner, 1988).
The results of this analysis are summarized in Table 4.2. As seen for the CENPB and FISH results, CHPO contains far less minor satellite DNA than BL6, while the
amount of major satellite DNA present in the genome is fairly consistent between the two
and in agreement with published values (Chinwalla et al., 2002). There are far fewer Caroli
sequences that align to either the major or minor satellite sequences, but this is not
surprising. Additionally, the percentage of the Caroli genome that aligns to the Carolispecific sequences is much higher than the percentage of BL6 or CHPO genomes that
align, suggesting that these divergent sequences may in fact be playing a functional role
at the centromere in Caroli mice. Preliminary analysis using ClustalW of a small subset of
the sequencing data suggests that there are no apparent divergent DNA sequences found
in the CHPO genome.
All three assays clearly show that the amount of minor satellite DNA present at
CHPO centromeres is drastically (~10-15-fold) reduced compared to BL6 centromeres.
And, as we know from (Chmátal et al., 2014), CHPO centromeres are considered weaker
than BL6 centromeres, suggesting that the number of minor satellite repeats dictates the
strength of mouse centromeres. But how could the quantity of DNA repeats contribute to
this? One possibility is that with less centromeric DNA, there are less sites for CENP-A
nucleosomes to form, leading to a reduction in proteins essential for centromere function.
Another possibility is that the amount of CENP-A remains constant at strong and weak
centromeres, but the chromatin architecture itself changes, because there are less sites
for intervening H3 nucleosomes (Blower et al., 2002) at centromeres with less DNA. Yet
another possibility is that centromere function encroaches into the surrounding
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pericentromeric regions, where the DNA might be less optimal at supporting centromeric
proteins, perhaps due to a lower affinity for CENP-A nucleosomes.

BL6
CHPO
Caroli
major satellite reads 3.68%
3.92%
0.565%
minor satellite reads 0.187% 0.0121% 0.0242%
Table 4.2. Percentage of mouse genomes that make up major or minor satellite
repeats. Whole genome sequencing reads from the indicated mouse strains were aligned
to either a major or minor satellite consensus sequence, with only reads that aligned with
90% or greater sequence homology included.
4.4.6 Future directions
The results obtained so far lay the groundwork for an exciting avenue of follow-up
research. While the sequencing results are promising, we plan to repeat them in triplicate
so we can assign statistical value to our major and minor satellite percentages. Performing
a more detailed analysis of the sequencing data will also allow us to feel confident that
there are in fact no divergent minor satellite DNA sequences in the weak CHPO strain.
And finally, while we were able to get a sense of the number of satellite repeats in BL6,
CHPO, and Caroli strains, we have not yet shown where CENP-A (and thus the
centromere) is located on these sequences. ChIP-seq experiments performed in these
three mouse strains will generate the first-ever high-resolution map of mouse
centromeres, extending our knowledge of the mammalian centromere and its conservation
(and divergence) across species. This will also allow us to better understand the structure
of strong versus weak centromeres, and whether or not there is a fundamental difference
in their compositions. If a weak centromere does in fact spread to the surrounding
pericentromeric regions, we will be able to determine this from our sequence analysis.
There is some evidence that pericentromeric regions disfavor centromere formation and
act as boundary elements (Blower and Karpen, 2001; Maggert and Karpen, 2001;
Partridge et al., 2000; Volpe et al., 2002), which may be tied to less favorable interactions
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between CENP-A and pericentromeric DNA. It thus becomes apparent that understanding
both the quality and quantity of DNA sequences at the centromere is essential to
understanding the role of DNA in centromere function.

4.5 Conclusions and outlook
While seemingly indispensable, DNA still makes up half of the fundamental unit of
centromeric chromatin and is important functionally as evidenced by the centromere
paradox. In vitro studies of DNA binding affinity will help further our understanding of why
neocentromeres form at defined locations on chromosomes, and may provide clues as to
why centromeres are found at repetitive sequences. In vivo studies of centromere strength
and its role in meiotic drive will help elucidate the importance of DNA sequence and
quantity in evolutionary events such as speciation. One approach aims to understand the
role of DNA at the molecular level, while the other aims to understand how DNA
contributes to centromere stability on a much grander scale and over larger evolutionary
time scales. Thus, combining these two types of approaches can complement one another
and provide a detailed understanding of the genetic complexities of centromere identity.
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Chapter 5: Conclusions

5.1 Summary
The work outlined in this thesis has greatly advanced our understanding of the
nature of CENP-A nucleosomes. I was able to demonstrate structural changes within the
CENP-A nucleosome on the order of Ångstroms that have functional consequences.
These structural changes cover both the histone and DNA component of the nucleosome,
providing a full overview of the intrinsic properties that help CENP-A distinguish
centromeric chromatin from the rest of the genome. These structural properties are
modulated by the nonhistone centromeric protein CENP-C, a key protein that provides a
link between centromeric chromatin and the kinetochore. Gaining a better understanding
of how centromeric proteins interact with one another is an important step forward in
parsing apart the complexities of the centromere. Of even broader interest to the entire
chromatin field is the first-ever report of a non-catalytic protein directly binding and
changing the shape of the nucleosome – which has exciting implications for chromatin
establishment and regulation.
In Chapter 2 of this thesis, we first set out to test the hypothesis that CENP-A
nucleosomes adopt an altered conformation in solution. We predicted that the CENP-A
nucleosome maintains the altered rotation seen in the (CENP-A/H4)2 heterotetramer
crystal structure, leading to an altered histone core with the H2A/H2B dimers pushed
further away from one another as well as an altered wrap of DNA where the radius of
curvature tightens near the dyad to accommodate rotation at the CENP-A/CENP-A
interface. We began by putting FRET probes on the H2A/H2B dimers in both H3 and
CENP-A nucleosomes, where changes in FRET efficiency could be used as a readout for
structural changes. This elegant approach determined a change in FRET efficiency
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between CENP-A and H3 nucleosomes that translated to a structural difference of ~5 Å,
suggesting that the H2A/H2B dimers are in fact further away from one another in the
CENP-A nucleosome. Interestingly, when we complexed CENP-A nucleosomes with the
minimal binding piece of CENP-C (termed CENP-CCD), the FRET efficiency reverted back
to a value similar to the one measured in canonical H3 nucleosomes, suggesting that
CENP-CCD binding was physically changing the shape of the CENP-A nucleosome. To
probe this even further, we used a technique known as hydrogen-deuterium exchange
coupled to mass spectrometry (HXMS) to determine how different regions of the CENP-A
nucleosome were stabilized upon CENP-CCD binding. CENP-C has been shown to bind to
the surface of the CENP-A nucleosome, so it was not unsurprising when these regions
were stabilized. However, regions within the CENP-A nucleosome, including a β-sheet
interaction between H2A and H4 that correlates with the movement of the H2A/H2B
dimers seen in the FRET experiments, were also stabilized as measured by HXMS.
Because this internal stabilization is so buried within the histone octamer core, it could not
be a result of direct interaction and further supported the idea that CENP-C binding
induces a structural change to the CENP-A nucleosome. We also looked at the DNA
termini of CENP-A nucleosomes in the absence and presence of CENP-CCD binding using
MNase digestion and small angle neutron scattering (SANS). Both of these experiments
demonstrated that CENP-CCD binding enhances DNA termini flexibility, and the length of
DNA wrapping CENP-A nucleosomes bound by CENP-CCD correlated with the length of
CENP-A nucleosomes found at endogenous centromeres. Finally, we sought to determine
how stabilization of CENP-A nucleosomes by CENP-C translates to stability at functional
centromeres. We first answered a long-standing question in the field about CENP-A
autonomy at the centromere – by using a beautiful cell fusion approach, we demonstrated
that once CENP-A is deposited at its centromere of origin, it stays there. With this in mind,
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we investigated the effect of CENP-C knockdown on CENP-A stability at cells using a
pulse-chase approach, and showed that even after a few cell cycles, CENP-A levels are
drastically reduced in the absence of CENP-C. Together, the results of this paper
demonstrated a direct role for CENP-C in stabilizing CENP-A nucleosomes, by physically
changing the shape of the CENP-A nucleosome. Not only was this an advance for the
centromere field, but it unveiled an entirely new property of non-catalytic nucleosome
binding proteins.
In Chapter 3, I address the one component that was not fully answered in the work
done in Chapter 2. We meticulously studied the protein transitions in the CENP-A
nucleosome, but we only investigated the DNA termini and did not address how the altered
histone core of the CENP-A nucleosome, and its subsequent reversion upon CENP-CCD
binding, affected the wrap of DNA. To answer this final aspect and get the full picture of
the CENP-A nucleosome structure in solution, we used a single molecule FRET
(smFRET) approach to determine the major structural transition of DNA. From our
previous work, we knew that the H2A/H2B dimers move away from one another in the
CENP-A nucleosome relative to the H3 nucleosome. How does the DNA accommodate
this change in position? There are three main possibilities: the DNA gyres move away
from one another, the DNA gyres slide past one another, or the DNA gyres adopt a
combination of the two movements. We developed a clever method using two sets of
FRET fluorophore pairs on the DNA to distinguish among these three possibilities, and
our results clearly pointed to DNA gyre sliding to be the main structural transition occurring
to accommodate the H2A/H2B dimer movements. We also used a DNA intercalating
agent, ENA, to clearly demonstrate that CENP-A nucleosomes exhibit stretching of DNA
near the dyad, further supporting that CENP-A nucleosomes adopt an unconventional
shape in solution. Finally, we used this information in conjunction with the results we
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obtained from Chapter 2, to create a working model of the CENP-A nucleosome in
solution, providing a more accurate view of the intrinsic structural differences between
CENP-A and H3 nucleosomes.
Chapter 4 provides a detailed outlook on the role DNA sequence plays at
centromeres, and the various approaches we have developed to answer some of the most
pressing questions in the field. We are currently working to understand how both the
quality and quantity of DNA sequences at the centromere affect its function. By measuring
DNA binding affinities for the histone (H3/H4)2 and (CENP-A/H4)2 heterotetramers, we
can not only learn if there are centromere-specific differences, but also determine direct
binding constants for histone-DNA interactions, an area of research that has yet to be fully
explored. The number of tandem DNA repeats at centromeres of different species varies,
but whether or not there is a certain threshold of centromeric DNA (either at endogenous
or neocentromeres) has not been fully investigated.
While the work presented in this thesis has significantly advanced our
understanding of centromere function, there is still much we do not understand. I name
some of these points in the next two sections, and end with a discussion on how our
understanding of the centromere at the molecular level helps us understand inheritance
and cell division on a much larger scale.

5.2 Future directions for Chapters 2 and 3
While Chapters 2 and 3 each constitute their own set of experiments, they are
really two halves of the same story, so I will discuss future directions in the context of both
of these works. Chapter 2 discusses how the protein component of the CENP-A
nucleosome changes upon CENP-C binding, with some emphasis on how the DNA termini
are affected. Chapter 3 completes this story by uncovering how the path of DNA is altered
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in the CENP-A nucleosome and how CENP-C affects this wrapping. However, we still do
not fully understand how CENP-C imparts these structural changes. We used a minimal
binding piece of CENP-C in our in vitro experiments, but full-length CENP-C in our in vivo
experiments. Thus, it is important to demonstrate that the domain of CENP-C we used in
our experiments is responsible, at least in part, for imparting stability to CENP-A
nucleosomes at functional centromeres. One approach to investigate this question is by
using various domain deletion mutants of CENP-C in our CENP-A-SNAP assay to really
tease apart what pieces of CENP-C are important for CENP-A stability at the centromere.
Furthermore, it is important to think about how these results fit into the greater
context of the centromere. While CENP-A is generally considered to be the foundation of
the centromere, the next link in the long chain of centromere establishment is still
somewhat contested. Artificial tethering of CENP-C and CENP-T to an ectopic
chromosomal locus is sufficient to completely bypass the requirement for CENP-A
nucleosomes in mitosis (Gascoigne et al., 2011), suggesting that these two proteins could
be these links. Indeed, several groups have provided evidence that both CENP-C and the
CENP-T/W complex serve as distinct nodes that recruit the remainder of CCAN
components and connect the kinetochore to centromeric chromatin. However, recent
studies have shown that recruitment of CENP-T to the centromere is dependent on CENPC localization, both during centromere establishment (Fachinetti et al., 2013; Logsdon et
al., 2015) and maintenance (Basilico et al., 2014; Fachinetti et al., 2013). In order to really
tease apart these two pathways, a fundamental understanding of the interactions among
centromeric components is necessary. Our work clearly demonstrates that upon CENP-C
binding, there is enhanced DNA termini unwrapping at the CENP-A nucleosome. This may
seem contradictory to the effect CENP-C has on stabilizing the histone core, but the
availability of these extra 15-30 bp of centromeric DNA may play an important role in
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building the foundation of the kinetochore. Because CENP-T/W/S/X is proposed to wrap
DNA at the centromere (Nishino et al., 2012), it is possible that CENP-C binding makes
this DNA available while simultaneously stabilizing CENP-A nucleosomes. While this is
an intriguing possibility, it still needs to be verified. While not fully developed yet, in vitro
techniques to reconstitute the CENP-T/W/S/X complex in conjunction with CENP-A
nucleosomes bound by CENP-C would help address this question. Another possible
approach is performing paired end CENP-T ChIP-seq at centromeres, and using an
approach similar to the one in (Hasson et al., 2013) to determine where CENP-T sits on
DNA. By comparing these reads to the ones obtained from paired end CENP-A ChIP-seq,
we can learn if the DNA termini sequences normally missing from the shorter CENP-A
reads correspond to the sequences that CENP-T binds.
Finally, the finding that CENP-C modifies the shape of the CENP-A nucleosome
through a non-catalytic process opens up a fascinating avenue of investigation in all of
chromatin biology. At the centromere, the only other protein known to bind CENP-A
nucleosomes is CENP-N (Carroll et al., 2009; Guse et al., 2011; McKinley et al.). CENPC and CENP-N binding occur on different portions of the CENP-A nucleosome, so it is
feasible that both binding events could alter the CENP-A nucleosome in some way, but it
remains unknown if CENP-N causes any allosteric change. Repeating the bulk FRET
measurements with CENP-N binding in place of CENP-C binding could provide initial
insight into whether a thorough approach of CENP-N binding is necessary. For other
protein-nucleosome interactions, these techniques could be applied to determine if noncatalytic allostery is a commonly exploited mechanism of action. Finding a variety of
interactions that follow this pattern would lay the foundation for a universal mode of
chromatin stability and organization that would further our understanding of the genome.
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5.3 Future directions for Chapter 4
Chapter 4 provides an in-depth look at exploring DNA sequence function at
centromeres, as well as the experimental approaches and troubleshooting we have
conducted so far. While this is an area of my research that is not as fully fleshed out as
the work done in Chapters 2 and 3, it paves the way for some intriguing possibilities for
the future of centromere research. The focus on centromere studies in the past 15 years
has been on its identity as an epigenetic locus, but the field as a whole would be remiss
to ignore the genetic aspect of the centromere. We already have hints that the quality and
quantity of DNA sequence at centromeres (and really throughout the entire genome) are
important for centromere function and identity. Teasing apart how exactly these intrinsic
factors carry out their role will not only help us understand CENP-A- and centromerespecific interactions with DNA, but will further our understanding of histone-DNA
interactions and the need for boundaries between distinct genomic loci. We can further
use what we learn from our analysis of mouse centromere strength to try and engineer
chromosomes to be strong or weak, and begin to determine a molecular mechanism for
meiotic drive. Finally, the centromere has proven to be particularly challenging when
constructing artificial chromosomes, so the information we gain from these analyses will
help us build better tools for both research and clinical applications.

5.4 Final thoughts
It has only been in the last 150 years that scientists started to think about how
genetic information is passed down through the generations. At the beginning, scientists
were thinking about the large-scale questions – what is inheritance? What is evolution?
This type of thinking certainly pushed our thinking forward, but it is only recently that we
have developed the tools and technology necessary to get at the molecular basis for these
114

mechanisms. The work presented in this thesis addresses a molecular mechanism that is
on the scale of 5 Å – much smaller than peas or finches. And while DNA sequence was
one of the first centromeric features characterized, we are only now beginning to
understand its role at the centromere and in meiotic drive. By honing in on the fine details
of centromeres, we can better understand how cell division, and thus the basis for
inheritance and evolution, functions. It is only in studying these smaller details that we will
truly be able to understand the largest scientific phenomena.
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Appendix A: Protocols for Chapter 2

A.1 Labeling histones for FRET
For synthesis of fluorophores, refer to Section 2.5.1. In all instances, a single cysteine was
engineered into histone H2B via QuikChange, but this protocol can apply to any histone
with at least one cysteine that is lyophilized.

1. Dissolve lyophilized H2B to be at a final concentration of 2 mg/mL in unfolding buffer
(6M Guandinium-HCl, 20 mM Tris-Cl, pH 7.5, 0.4 mM TCEP). It is absolutely essential
that TCEP is used as a reducing agent, as any of the other common reagents (DTT, βME) will interfere with the labeling reaction. Start with at least 7-8 mg and allow the sample
to dissolve for at least 30 minutes at room temperature.

2. While the protein is unfolding, measure out a 30 molar excess of the maleimidofluorophore of interest. Both Coumarin 343 and Rhodamine B can be dissolved in 100%
DMF. Do not dissolve the fluorophore in more than 2 mL of organic solvent. Allow the dye
to dissolve for at least 30 minutes shaking and/or rotating at room temperature protected
from light.

3. Add the dye solution slowly dropwise to the unfolded protein in a Sarstardt tube. Cap
and invert the tube after every 3-4 drops added.

4. Parafilm the tube, protect from light, and allow to rock overnight at room temperature.
Do not shake.
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5. Add DTT or β-ME to quench reaction. Purify the protein away from unreacted dye using
a PD-10 column (GE Healthcare). Spin down the sample at room temperature, 10 minutes,
14,700 rpm in the SS-34 rotor to pellet any unreacted dye. Apply 1 mL aliquots to a preequilibrated column and elute in unfolding buffer. Labeled protein comes out in fractions
3-4, while free dye comes out in fractions 5-6. Repeat as necessary to obtain all protein.

6. Pool all fractions containing protein and determine the concentration of protein and the
labeling efficiency as outlined in section 2.5.1, equation 1. The correction factor at A280 is
0.21 for C343 and is 0.14 for RhB. Labeling efficiency can further be determined via SDSPAGE and mass spectrometry. For an example of typical results, refer to Figure 2.2. To
prepare for mass spectrometry, take 15 uL of protein at 1 mg/mL, 45 uL of water or TrisCl pH 7.5, and 90 uL of quench buffer (2.5 M Guandinium-HCl, 0.8% formic acid, 10%
glycerol), and aliquot 3x 50 uL samples. The pH of the solution needs to be between 2.53.0 to be run on the mass spec, so take a small amount and test on pH paper.

7. From this point on, samples can either be used directly for refolding (Appendix A.2) or
lyophilized for later use. If samples will be lyophilized, take the pooled fractions and
perform 3 rounds of 2L dialysis in 10 mM Tris-Cl, pH 7.5, 5 mM β-ME. Note that at this
point the coupling reaction has occurred and the presence of β-ME is no longer a problem.
The first round of dialysis should be done at room temperature, the second round should
be placed in the cold room to gradually cool down, and the third dialysis should be done
at 4C. Each dialysis should last a minimum of 3 hours with at least one round (either the
second or third) occurring overnight.

8. Aliquot samples into 4 mg fractions and lyophilize.
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A.2 Refolding labeled dimers
1. Dissolve at least 8 mg of H2A and 8 mg of labeled H2B in unfolding buffer (at this point
it is okay to use DTT or β-ME). If you are continuing from A.1, then you only need to
dissolve H2A, and can dissolve more or less protein depending on how much labeled H2B
you have.

2. Calculate the number of moles of H2A and H2B using the following formula:
# of mL x (mg/mL) x (1 g/1 mL) x (1/molecular weight of histone)
the molecular weight of H2A is: 14,420 g/mol
the molecular weight of unlabeled H2B is: 13,910 g/mol (add the corresponding molecular
weight of the respective fluorophore to this value)

3. Determine the limiting histone, as they need to be added at a 1:1 molar ratio. Based on
this, determine how much of the excess histone to add to the limiting histone. I use the
following equation:
(# of limiting mols/# of excess mols) = fraction of excess moles needed for equimolar
amount
Take this fraction and multiply it by the total volume of excess moles to determine how
much to add to the limiting histone. I always back calculate how many moles are present
in this volume using the equation in step 2 to double-check my math.

4. Combine the two histones in unfolding buffer and check concentration. Bring the final
concentration of the sample to 1 mg/mL by adding the appropriate amount of unfolding
buffer.
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5. Perform 3 rounds of dialysis in 2L each of refolding buffer (2 M NaCl, 10 mM Tris-Cl,
pH 7.5, 1 mM EDTA, 5 mM β-ME). The first round of dialysis should be done at room
temperature, the second round should be placed in the cold room to gradually cool down,
and the third dialysis should be done at 4C. Each dialysis should last a minimum of 3
hours with at least one round (either the second or third) occurring overnight. If
precipitation is noted at any point, stop dialysis and spin the sample down at 4C, 10
minutes, 14,700 rpm in the SS-34 rotor.

6. After dialysis, spin clarify 4C, 10 minutes, 14,700 rpm in the SS-34 rotor. Take the
supernatant and concentrate to 300-500 uL. Monitor precipitation while concentrating.

7. Load sample onto a pre-equilibrated Superdex 200 analytical column (column volume
= 20 mL) using the 500 uL loop using any protocol for analytical histone refolding.

8. Run fractions on 10% SDS-PAGE and pool only ones with equimolar amounts of H2A
and H2B. Labeled H2B is visibly shifted in molecular weight. Concentrate labeled dimers
to at least 3 mg/mL and then add 50% glycerol for storage at -20C.

A.3 Reconstituting labeled nucleosomes
This protocol can be used for any type of nucleosome reconstitution, with the appropriate
modifications made for unlabeled H2A/H2B dimer.

1. Determine the concentration of all components: histone heterotetramer [(H3/H4)2 and/or
(CENP-A/H4)2], labeled H2A/H2B heterodimer, and DNA. I used 200 bp 601 DNA or 195
bp Bunick DNA (see Appendix B.1 for synthesis and purification of 195 bp DNA). For
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heterotetramers and DNA, standard measurements on the nanodrop will suffice. For
labeled H2A/H2B dimer, use equation 1 in section 2.5.1 to determine the concentration of
protein.

2. Determine the ratio of DNA:protein to use for reconstitutions. I tend to use a 1:1 ratio.

3. Determine the amount of ug of DNA to use in your reconstitution. For a standard FRET
experiment, I would start with 200 ug DNA. Convert this value to moles. The amount of
DNA in ug is important, because we aim for a final concentration of 0.7 mg/mL nucleosome
components when starting dialysis.

4. Determine the amount of moles you need of histone octamer (since I use a 1:1 ratio,
the number of moles of DNA is equal to the number of moles of histone octamer). Based
on the fact that 1 histone octamer contains 1 tetramer of (H3/H4)2 (or (CENP-A/H4)2) and
2 dimers of H2A/H2B, determine the number of moles needed of each histone component.
For example, if you need 1 x 10-9 moles of histone octamer, you will need 1 x 10-9 moles
of tetramer and 2 x 10-9 moles of dimer.
*Note – even though (H3/H4)2 and (CENP-A/H4)2 exist as tetramers in the
nucleosome, I often consider them dimers in my calculations to keep my
calculations equivalent (the same number of moles for every histone reagent).
Using the example above, I would then use 2 x 10-9 moles in my calculation for
H3/H4 or CENP-A/H4 dimers. This doubling of moles is accounted for by using
the molecular weight of an H3/H4 or CENP-A/H4 dimer instead of a tetramer to
determine the ug needed.
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5. Determine the amount of each nucleosome component needed by converting first to
moles, then using the stock concentrations to determine the number of uL. For bulk FRET
experiments, two types of nucleosomes are needed: ones that contain donor-only labeled
dimers, and ones that contain both donor and acceptor labeled dimers. In the case of the
donor-only nucleosomes, the number of moles calculated in step 4 is the correct amount
to use. In the case of the donor-acceptor dimers, use half the number of moles calculated
in step 4 for both donor- and acceptor-labeled dimers.

6. Assemble the histone/DNA sample on ice in siliconized tubes. The histone + DNA mix
should be at 2 M NaCl before starting dialysis. Prepare the sample in the following order
(the order is important, always add the DNA first and make sure the sample is at 2 M NaCl
before adding any histone components):
4 M NaCl
DNA
H2A/H2B
H3/H4 (or CENP-A/H4)
2 M NaCl dialysis buffer (RB High, see recipe below) to final volume

Because DNA is in water or TE buffer, add 4 M NaCl and DNA at a 1:1 volume ratio to get
a final salt concentration of 2 M NaCl. The amount of DNA, H2A/H2B and heterotetramer
added are calculated in step 5. As mentioned previously, the final concentration of DNA
in the sample should be ~0.7 µg/µL, so adjust the volume with RB high buffer if necessary.
Rotate samples for a few minutes at 4C to mix components. Spin clarify at 14,700 rpm, 10
min, 4C.
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7. Cool mixture for 10-30 minutes before starting dialysis. Add solution to a pre-wetted
dialysis tube (wet it by dunking it in the dialysis buffer), 6-8 kDa cutoff. The type of tube
you use is dependent on the scale of the reaction – for 200 ug a midi dialyzer (Millipore)
is sufficient.

8. Use a peristaltic pump for gradual dialysis. Start off in 500 mL of RB High buffer (2 M
NaCl, 10 mM Tris-Cl pH 7.5, 1 mM EDTA, 1 mM DTT) and flow in RB Low buffer (0.25 M
NaCl, 10 mM Tris-Cl pH 7.5, 1 mM EDTA, 1 mM DTT) at a rate of 1.6 ml/min for at least
16 hours at 4C.

9. The next day, transfer the dialysis tubes to the remaining RB Low buffer once there is
~400 mL left and let dialyze for 2-3 hours (if dialysis has gone to completion, this is okay).
If needed, dialyze to a lower salt concentration for at least 3 hours. I do all of my bulk
FRET measurements at 150 mM NaCl, 10 mM Tris-Cl pH 7.5, 1 mM EDTA, 1 mM DTT.

10. Transfer the reaction to a new siliconized tube. Spin nucleosomes at 15,000 rpm for
10 minutes at 4C. Transfer the supernatant to a new tube and store at 4 C. Measure
concentration based on DNA reading from nanodrop. A good reconstitution should be in
the 0.3-0.4 mg/mL range if started at 0.7 mg/mL. If your calculations were off, you will
notice a large precipitate of material.

11. If needed, heat shift nucleosomes at 55C for 2 hours before performing experiments.
Confirm quality of nucleosomes by running on native PAGE.

12. FRET experiments are performed as detailed in section 2.5.1.
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Appendix B: Protocols for Chapter 4

B.1 Large-scale preparation of DNA
This protocol details the production of large amounts of unlabeled or labeled 111-197 bp
DNA for use in nucleosome reconstitutions, polarization and thermophoresis assays, and
any other histone-DNA interaction studies. The cloning of templates for this purpose is
described in section 2.5.1. In some cases, different restriction enzymes were used due to
cloning constraints, but the method is identical. The general idea is that the sequence of
interest is cloned between degenerate primers, greatly reducing the amount of unique
primers needed for experiments. In general, 4 96-well plates yields ~1 mg of DNA.

1. Set up a 96-well plate for PCR using the following recipe:
0.5 uL F primer (100 pmol/uL)
0.5 uL R primer (100 pmol/uL)
5 uL 10X PCR buffer
2 uL 25x dNTPs
1 uL DNA template (25 ng/uL)
1 uL of homemade Taq, diluted 1:10
40 uL ddH2O
Make enough for 104 wells (one extra column in a 96-well plate).

The forward and reverse primers are always the same and are the standard 454
sequencing primers.
The F primer (SF-13) sequence is: 5’-CGTATCGCCTCCCTCGCGCCATCAG-3’
The R primer (SF-14) sequence is: 5’-CTATGCGCCTTGCCAGCCCGCTCAG-3’

If DNA will be labeled down the line, make sure the F primer contains a primary amine at
the end (SF-27). We also have a biotinylated primer (SF-70).
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2. Run the following program:
1 cycle:
95C for 5 min
30 cycles:
95C for 30 sec
62.5C for 20 sec
72C for 20 sec
1 cycle:
72C for 5 min
3. Save a small (~5 uL) sample of each plate to run on a 1.5% agarose gel to check for
PCR efficiency. Pool all wells together and ethanol precipitate. One plate generally yields
~4.5 mL of PCR product. For the most part, the PCR is very efficient so you can pool
multiple plates into 1-50 mL conical tube for ethanol precipitations if necessary. Leave in
-20C overnight.
*Important note: if the DNA will be labeled in subsequent steps, do not precipitate
with ammonium acetate, as this can interfere with the labeling reaction. Use NaCl
instead.

4. The following day, spin down ethanol-precipitated DNA, 4000 rpm, 4C, 30 min. Wash
pellets with 5-10 mL 70% ethanol and repeat same spin, but for only 10 min. Allow pellets
to air dry for ~30 min-1 hr.

5. Resuspend pellets in 4.5 mL Buffer A (20 mM Tris-Cl, pH 7) and inject onto the 1 mL
ResourceQ column (strong anion exchange) using the 5 mL loop. Run program
ResourceQ 1 mL 25 35 gradient. For the run, Buffer B is 2 M NaCl, 20 mM Tris-Cl, pH 7.
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6. Run fractions on 1.5% agarose gel and only take fractions that contain a single band at
the correct length. Pool all fractions and ethanol precipitate. Again, if the DNA will be
labeled, it is essential to use NaCl. If not, ammonium acetate is fine.

7. Spin down ethanol-precipitated DNA, 4000 rpm, 4C, 30 min. Wash pellets with 5-10 mL
70% ethanol and repeat same spin, but for only 10 min. Allow pellets to air dry for ~30
min-1 hr. If not labeling DNA, resuspend pellet at a final concentration of at least 1.5
mg/mL in TE (10 mM Tris-Cl, pH 7.5, 1 mM EDTA) or water and store at -20C. If DNA will
be labeled, resuspend in 300 uL water and proceed to Appendix B.2

B.2 Labeling and purification of DNA
This protocol is adapted from the Molecular Probes protocol: Amine-Reactive Probes.

1. Extract DNA 3 times with an equal volume (300 uL) of chloroform.

2. Ethanol precipitate with 1/10 volume 4 M NaCl, 2.5x volume cold 100% ethanol. Leave
at -20C for 30 min.

3. Spin 12,000 x g for 30’ at 4C. Remove supernatant and wash with 1 mL cold 70%
ethanol. Spin again 10,000 x g for 10’. Allow pellet to air dry for at least 30 min. Resuspend
in water to a concentration of at least 10 mg/mL.

4. Take out fluorophore from -20C desiccation at least 20 min before labeling to warm to
room temperature. We use 100 ug aliquots that come from a pack of 3 (AF555: product #
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A37571, AF647: product # A37573). Dissolve 100 ug in 5.6 uL DMSO and use
immediately.

5. Add 400 ug DNA to 300 uL labeling buffer* (0.1 M sodium tetraborate, pH 8.47). The
amount of labeling buffer added is dependent on the amount of DNA being labeled (use
75 uL buffer per 100 ug DNA).
*Note: Sodium tetraborate takes a long time to dissolve in water. The solution can
be warmed to 42C and shaken/vortexed. The solution will need to be pHed to ~8.5
with HCl. The pH of the buffer is absolutely essential for ensuring an efficient
labeling reaction. Make a large batch of labeling buffer, make 1 mL aliquots, and
store at -20C.

6. For 400 ug of DNA, add 1.87 uL of dye. The ratio of dye to DNA amount could be played
around with to optimize labeling further, but should yield at least 50% labeling efficiency.
Invert tubes, parafilm, and leave rocking overnight at room temperature covered from light.

7. The next day, repeat steps 2-3 to prepare pellet for purification. At this point, since the
labeling reaction is complete, it is okay to use ammonium acetate.

8. Resuspend pellet in 1.5 mL Buffer A (100 mM NaCl, 10 mM Tris-Cl, pH 7.5, 1 mM
EDTA) and inject onto a 1 mL DEAE FF (weak anion exchange) column with the 2 mL
loop. Run the SF DEAE FF 1 mL program. Buffer B for this run is 1 M NaCl, 10 mM TrisCl, pH 7.5, 1 mM EDTA.
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9. Run fractions on 1.5% agarose gel and pool only those that contain a single band at
the correct size. Ethanol precipitate and resuspend pellet at a minimum of 1.5 mg/mL. To
determine labeling efficiency, use equation 1 in section 2.5.1.

Data for AF555 and AF647 (from Molecular Probes Alexa Fluor Succinimidyl Esters (NHS
esters) data sheet):
Molecular weight (g/mol): ~1250 (AF555), ~1300 (AF647)
λmax (nm): 555 (AF555), 650 (AF647)
Extinction coefficients (cm-1 M-1): 150,000 (AF555), 239,000 (AF647)
Correction factors at A260: 0.08 (AF555), 0.00 (AF647)

B.3 Competition assays
Competition assays are set up almost identical to the the nucleosome reconstitution
assays outlined in A.3, but with the following modifications:

1. It is imperative to use an excess of DNA in the reactions. I finally settled on using an
4:1 DNA:protein molar ratio, but any ratio can be used, just follow the steps outlined in A.3
to determine the amount of each component to add.

2. It is also imperative to use an equimolar amount of the two labeled DNAs. I use DNA
labeled with AF555 and AF647.

3. The final reaction volume should be in the ~40-50 uL range. I like to use 7 kDa Slide-ALyzer MINI units from ThermoFischer (product # 69560) for dialysis.
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4. For fluorescence imaging of native PAGE gels, use the Typhoon 9200 (GE Healthcare)
in the Lynch lab. For AF555, use the green (532 nm) laser and the 555 nm emission filter.
For AF647, use the red (633 nm) laser and the 670 nm emission filter.

B.4 Fluorescence polarization assays
For polarization assays, several methods were tried, including plate readers and
fluorimeters. I only detail the protocol for measurements that yielded interpretable binding
curves (see Fig. 4.4). For notes on the plate reader and initial T-shaped fluorimeter runs,
please refer to SF notebooks #7 and #8 in the lab. I eventually ended up using 111 bp
fluorescently labeled DNA, prepared as outlined in B.1 and B.2. Experiments were
conducted on a Cary Eclipse fluorescence spectrophotometer (Varian) in the Dominguez
lab.

1. Prior to measuring binding curves, ensure that the signal-to-noise ratio of the DNA
fluorescence at the desired concentration is high enough to conduct accurate
measurements. For DNA with 25% labeling efficiency or higher, 100 nM is acceptable.
Under 25% labeling, 200 nM needs to be used. Make sure Anisotropy is selected as the
measurement type. A small amount of free dye is also required to determine a G-factor
for anisotropy measurements.
I used DNA labeled with AF647, so the following settings were used for measurements:
slit sizes: 10 nm
excitation: 650 nm
emission: 660-700 nm
scan speed: slow
PMT setting: medium
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Do not use a slit size any larger than 10 nm or a faster scan speed, as this will increase
noise. Make sure the temperature control is on and set to 20C so measurements are
performed at the same temperature throughout.

3. Dilute DNA to 100 nM in 2.4 mL total and place in cuvette with stir bar. Make sure to
take a DNA only measurement before beginning titration. I used 10 mM Tris-Cl, pH 7.5, 1
mM EDTA, 2.5 mM β-ME as my buffer, trying a range (500 mM, 750 mM, 1 M) of NaCl
concentrations.

4. Dilute histone heterotetramer to a final concentration of 17 uM in the same buffer
described above. Make sure to consider the histone complex as a tetramer when
calculating molarity, to ensure a 1:1 tetramer:DNA binding ratio. Add 15 uL of the 17 uM
tetramer stock to the DNA in the cuvette and allow to sit for at least 2 minutes before taking
a measurement. Adding 15 uL of a 17 uM stock results in an initial concentration of 105
nM protein. To get data points at lower concentrations, start off by adding protein at smaller
intervals. For example, I usually add 7.5 uL of my 17 uM stock for the first 2-4 data points,
then switch to 15 uL aliquots.

5. Repeat step 4 until the desired final concentration is reached. As a reference, 12
successive 15 uL aliquots brings you to ~1200 nM protein.

6. For data analysis, take the polarization values measured for each protein concentration
that span 665-671 nm and average to obtain a single data point (the software assigns a
polarization value at 1 nm intervals for the span of designated emission wavelengths (see
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step 1)). It is easiest to plot and fit data in OriginPro, although the initial data will be
generated in an Excel file.

B.5 Thermophoresis assays
We are still in the beginning stages of thermophoresis experiments. As outlined in Chapter
4, the buffer conditions still need to be optimized and we have a lot of room to improve the
assay for our purposes. The protocol below will just provide the basic set-up for a standard
thermophoresis experiment. Since we are optimizing the system, we have been preparing
20 uL samples, but the capillaries require far less (3-5 uL), so future experiments that have
been optimized can use even less material.

1. Make sure the fluorescently labeled component of the system can be detected at the
final concentration you want to measure. For the Pico machine, the lower limit of detection
is around 20 pM, but this depends on labeling efficiency. For a 111 bp DNA with a lower
limit of 25% labeling efficiency, I was able to go down to ~1-5 nM. The LED does not go
above 95% power, and our measurements typically use the LED in the 15-20% range.

2. Make all stocks at 2x the final amount you wish to perform measurements, as the
samples are made by performing a 1:1 dilution. For the labeled component, make enough
for 16-10 uL reactions (including pipetting error). For the component that will be titrated,
make a 20 uL stock at 2x concentration. For example, if you have fluorescently labeled
DNA that will be held constant at 10 nM throughout the reaction, make a 20 nM stock. If
you want to start your titration of protein at 10 uM, make a 20 uM stock.
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3. Set up the 16 tubes for measurement. In tube 1, you will have your 20 uL stock of protein
at 2x concentration. In tubes 2-16, add 10 uL of buffer*. Take 10 uL of protein from Tube
1, and add it to tube 2. Pipet up and down to mix, then take 10 uL from tube 2 and add to
tube 3, repeating the process. Perform this serial dilution for all tubes. When you reach
tube 16, you will have 20 uL – discard 10 uL so that all tubes contain 10 uL.
*Buffer conditions are still being optimized. I use 10 mM Tris-Cl, pH 7.5, 1 mM
EDTA, 2.5 mM β-ME, with varying concentrations (500 mM, 750 mM, 1 M) of NaCl.
In addition, I have been consistently adding 1-2 mg/mL of BSA to prevent sticking
to the capillaries. We are still trying to find any possible detergents, other additives,
or other concentrations of BSA that can help with sticking in our assay without
interfering with results.

4. Add 10 uL of the DNA stock to each tube separately. This leaves you with a final volume
of 20 uL and a 1:1 dilution of protein and DNA, hence the reason for starting with 2x stocks.
Allow samples to incubate for at least 10 minutes. Sometimes we do a hard spin of
samples before loading the capillaries due to aggregation, but with buffer optimization this
will hopefully no longer be needed.

5. Place a capillary in each tube and allow sample to fill via capillary action. Be careful to
not touch the middle of the capillary, because this is the area that will be read in the
machine.

6. Load capillaries into container unit. There are two magnetic strips on either side to hold
capillaries in place. It is a good idea to have one of the strips covering one end of the
capillaries to keep them in place as you load each one individually, otherwise it is very
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easy for the capillaries to fall out of place. Make sure container unit fits in properly before
loading the machine.

7. For measurements, we generally try a few different powers of temperature gradients,
usually 20%, 40%, and 60%, but these values can be changed. Other things to consider:
monitor the shape of the fluorescence peak for each capillary – it should be symmetrical
and similar in height to all other peaks. When monitoring the diffusion across a
temperature gradient, aggregation becomes apparent if you do not see a smooth line.

B.6 Preparation of mouse chromatin for sequencing and ChIP
This method can be used to isolate and prepare chromatin for either whole genome library
prep or ChIP experiments. This protocol is based on our MNase Digestion and Chromatin
Immunoprecipitation protocol and the chromatin immunoprecipitation on native chromatin
from cells and tissues (PROT22) from the Epigenome Network of Excellence. Buffers are
listed at the end of the protocol.

1. Harvest nuclei to use in chromatin isolation. The initial steps in harvesting are different
for whole genome libraries versus ChIP experiments, so both are outlined below. By step
2, both samples can be processed the same. While samples are spinning (step 7 for whole
genome sequencing prep and step 2 for ChIP prep), make aliquots of Buffer I, II, and III.
You will need 2 mLs Buffer I, 2 mLs Buffer II, and 8 mLs Buffer III per 3 – 4 x 107 cells.
Once aliquoted, add the following to Buffers I, II, and III:
1:2000 1M DTT
1:1000 1M L/P
1:1000 Aprotinin
1:10,000 1M PMSF
Put 8 mLs of Buffer III in a Sarstedt 13 mL tube on ice.
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For whole genome sequencing: Collect 2-4 million nuclei from primary lung fibroblasts (or
other cell line). This should only require a few 10 cm plates.
1. Rinse cells with PBS and trypsinize. Stop the trypsin by adding 5 mL of complete
medium.
2. Spin cells at 1500 rpm, 5 min, 4C. Place on ice. From this point on, do everything
on ice.
3. Flick pellet to disperse cells. Add 30 mLs of ice-cold PBS to cells very gently.
4. Cut tip with blade. Take 25 uL of cells and add to diluted Trypan blue (25 uL Trypan
blue per 50 uL PBS). This is a 1:4 dilution of cells.
5. Put 10 uL of Trypan blue/cell dilution in a hemocytometer. Estimate the percentage
of cells that are dead. If >10%, the cells are not healthy and should be discarded.
If <10%, proceed.
6. Count the number of cells in 3 squares of a 4x4 grid and take the average.
Average # of cells in 4x4 grid x 4 x 10,000 x 30 = total # of cells
7. Spin cells at 1500 rpm, 5 min, 4C.
8. Once cells are spun down, pour off PBS and flick pellet to disperse cells. Place
cells on ice.
9. Proceed to step 2 of this protocol.

For ChIP: Collect nuclei from mouse organ: we have tried spleen and liver. You can
perform more than one isolation at a time, but do not exceed more than 0.2 g of organ per
individual isolation. 0.2 g should yield enough material for 1-2 ChIP experiments.
1. Dissect tissue (do not use more than 0.2 g in total) and rinse it in cold PBS.
2. Homogenize tissue in a pre-chilled glass homogenizer with 2 mL of ice-cold Buffer
I, until no clumps of cells persist (about 10-20 strokes). Filter the cell suspension
through 4 layers of muslin cheese cloth that have been moistened beforehand with
2mL of Buffer I; Transfer the cell suspension to a 14 mL Sarstardt tube and spin
cells down in a swing-out rotor (at 6000 g for 10 minutes, at 4C).
3. Proceed to step 2 of this protocol.
2. From this point on, do everything in the cold room. Flick pellet to disperse cells.
Add 2 mLs (per 3 – 4 x 107 cells) of ice-cold Buffer I to cells. Pipette up and down gently
4 times.
3. Add 2 mLs (per 3 – 4 x 107 cells) of ice-cold Buffer II and invert 2 times. Place cells on
ice and keep on ice for a maximum of 10 mins. The IGEPAL in Buffer II is permeabilizing
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the plasma membrane. For primary lung fibroblasts, use 0.1% IGEPAL. For mouse
organs, use 0.2% IGEPAL.

4. Cut tip with blade. Take 25 uL of cells and add to diluted Trypan blue. Look at cells
under microscope. You should only see nuclei. If there are a lot of intact cells, dounce and
then check under microscope again. Repeat until mostly only nuclei are observed. Do not
go over 10 mins!

5. Before 10 mins are up, slowly pipette cells on top of Buffer III in Sarstedt tubes.

6. Place Sarstedt tubes in adaptor in SS-34 rotor and spin at 10,000g, 20 mins, 4C with
acceleration=10 and deceleration=5. Total time should be around 25 mins. Meanwhile,
place 1-2 mLs Buffer A (supplemented with DTT, L/P, Apro, PMSF) on ice.

7. Place tubes in bucket and go back to cold room. Use a transfer pipette to remove the
top sucrose layer and some of the second sucrose layer. Move in a circular motion around
the periphery of the sucrose layers.

8. Take a kimwipe and wrap around tweezers. Stick the kimwipe/tweezers into the tubes
and use it to wipe the residue from the sides of the tubes. Do 2-3 times.

9. Remove the rest of the sucrose layers with a new transfer pipette. Use a new
kimwipe/tweezers to remove the remaining sucrose at the bottom of the tube without
disturbing the pellet.
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10. Carefully add 200 uL Buffer A to bottom of tube. This amount can vary depending on
how many nuclei you have. If you get a sense that you have more or less, adjust the
amount of Buffer A you add accordingly.

11. Resuspend cells in Buffer A by shaking (do not pipette or vortex!).

12. Take an OD260 reading of the chromatin. If you need to dilute nuclei to get accurate
readings, this is fine, but do not dilute more than 0.5-1 mL (or not less than 400-500 ng/ul)

13. Calculate total chromatin collected and aliquot 150 ug of chromatin in low-retention
tubes. Put these aliquots on dry ice until frozen. Place aliquots at -80C.

14. From here on out, chromatin can be used for MNase digestion, sonication, etc. for
preparation of whole genome libraries or for ChIP experiments. ChIP has not yet been
optimized in our hands for mouse chromatin and may require either MNase or sonicated
samples. For whole genome libraries, MNase digestion is fine. It is important to make sure
you enrich for mononucleosomes and that they are not overdigested (mononucleosome
size is ~147-151 bp).
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Buffers used in this protocol:
Filter sterilize all buffers through a 0.22 uM filter.
Buffer I
0.32 M Sucrose in 60 mM KCl
15 mM Tris, pH 7.5
15 mM NaCl
5 mM MgCl2
0.1 mM EGTA
0.5 mM DTT (1:2000 dilution from stock=1 M) ADD LAST MINUTE
0.1 mM PMSF (1:10,000 dilution from stock=1 M) ADD LAST MINUTE
1 mM L/P (1:1000 dilution from stock=1 M) ADD LAST MINUTE
1 mM Aprotinin (1:1000 dilution from stock) ADD LAST MINUTE
Buffer II
0.32 M Sucrose in 60 mM KCl
15 mM Tris, pH 7.5
15 mM NaCl
5 mM MgCl2
0.1 mM EGTA
0.05-0.2% IGEPAL
0.5 mM DTT (1:2000 dilution from stock=1 M) ADD LAST MINUTE
0.1 mM PMSF (1:10,000 dilution from stock=1 M) ADD LAST MINUTE
1 mM L/P (1:1000 dilution from stock=1 M) ADD LAST MINUTE
1 mM Aprotinin (1:1000 dilution from stock) ADD LAST MINUTE
Buffer III
1.2 M Sucrose in 60 mM KCl
15 mM Tris, pH 7.5
15 mM NaCl
5 mM MgCl2
0.1 mM EGTA
0.5 mM DTT (1:2000 dilution from stock=1 M) ADD LAST MINUTE
0.1 mM PMSF (1:10,000 dilution from stock=1 M) ADD LAST MINUTE
1 mM L/P (1:1000 dilution from stock=1 M) ADD LAST MINUTE
1 mM Aprotinin (1:1000 dilution from stock) ADD LAST MINUTE
Buffer A
0.34 M Sucrose in 60 mM KCl
15 mM HEPES, pH 7.4
15 mM NaCl
60 mM KCl
4 mM MgCl2
1 mM DTT (1:2000 dilution from stock=1 M) ADD LAST MINUTE
0.1 mM PMSF (1:10,000 dilution from stock=1 M) ADD LAST MINUTE
1 mM L/P (1:1000 dilution from stock=1 M) ADD LAST MINUTE
1 mM Aprotinin (1:1000 dilution from stock) ADD LAST MINUTE
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